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ABSTRACT 
The work r e p o r t e d i n the t h e s i s on " I n v e s t i g a t i o n of the 
P r o p e r t i e s of t he Exci ted Leve ls of Rad ioac t ive Nucle i" has been 
p r e s e n t e d i n f i v e c h a p t e r s . 
Chapter I . INTRODUCTION 
The scope of the measurements r epo r t ed i n t h i s t h e s i s i n the 
de t e rmina t ion of t h e p r o p e r t i e s of t he e x c i t e d and ground l e v e l s 
of r a d i o a c t i v e n u c l e i has been d i s c u s s e d . The s u i t a b i l i t y of the 
a v a i l a b l e nuc l ea r models i n exp la in ing t h e s e p r o p e r t i e s and a b r i e f 
account of t he p rocesses of i n t e r n a l convers ion and angular 
c o r r e l a t i o n of cascade gamraa'rays a r e a l s o g iven . 
Chapter I I . INSTRUIffiNTATION AND ANALYSIS OF DATA 
In s e c t i o n A, t h e procedure follox-^ed in mounting t h e c r y s t a l s 
and an account of t he v a r i o u s e l e c t r o n i c equipment t h a t have been 
assembled and t e s t e d in s e t t i n g up of the co inc idence s c i n t i l l a t i o n 
spect rometer a re g iven . In s e c t i o n B, working of these spec t romete r s 
a longwith t h e methods followed i n the a n a l y s i s of t h e d a t a and the 
v a r i o u s c o r r e c t i o n s app l ied have been d e s c r i b e d . 
Chapter I I I . DECAY SCHEIE STUDIES 
The r e s u l t s obta ined in the decay scheme s t u d i e s of t he v a r i o u s 
r a d i o a c t i v e n u c l e i have been r e p o r t e d , 
&) THE ENERGY LEVELS OF I^^^ ; The energy l e v e l s of I^^^ have been 
s tud ied through the A - d e c a y of T^e • employing two Nal (Tl) 
s c i n t i l l a t i o n spectrometers in coincidence arrangements. In 
addit ion to confirming the presence of the previously known gamma 
rays of energies 27,212,475, 720 and 1120 keV, evidence i s found 
for seven new gamma rays . The nev/ gamma rays have energies of 
448,450,625,693,1073,1320 and 1520 keV. From the coincidence 
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experiments a probable energy level scheme for I i s proposed. 
Spin assignments for some of the l eve l s are also made in the 
l i g h t of the exis t ing da ta . The energy l eve l s thus es tabl ished 
experimentally are compared with the theore t ica l predic t ions based 
on the unif ied model* 
B) DECAY OF Cd-^ -'-^  (2 .3d) : The decay of Cd (2.3d) has been studied 
by s c i n t i l l a t i o n beta and gamma spectroscopy. The K-internal 
conversion coeff ic ients of the 35,335 keV gaiama t r ans i t i ons in 
the de-exci ta t ion of In have been measured to be 7*6+0.8 and 
0.84 + 0.09, respec t ive ly . The A-'/coincidences showed that the 
590 and 860 keV beta branchings may be of an allowed and A 1=2 imique 
forbidden types, r espec t ive ly . From the angular cor re la t ion 
s tudies of 35-492 keV and 230-262 keV cascades, 5 /2- , 3 /2- and V2-or 
may be assigned to the 597, 827 and 862 keV l eve l s respec t ive ly . 
G) RADIOACTIVE DECAY OF Ce-'-'^^(33 h ) : The gamma rays in the decay 
of Ce^ (33 h) have been studied with the help of a s c i n t i l l a t i o n 
coincidence spectrometer. The r e l a t i v e branchings of the vario:as 
gamma rays have been estimated. By studying theV-Y coincidences 
the K - in te rna l conversion coeff ic ients of the 56 keV, 230 keV 
•fO.007 
and 293 keV t r a n s i t i o n s were determined to be 6.4 + 0.6, 0.07_^Q Q 2 
and 0.12 + 0.02.^ respec t ive ly . The angular co r re l a t ion measurements 
have been performed for the 293 - 56 keV cascade. From these 
measurements, t h e sp ins of the groimd, f i r s t and t h e second exc i t ed 
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s t a t e s i n Pr have been ass igned t o be 5/2 4-, 7/2 + and 9/2 -f , 
r e s p e c t i v e l y . The 56 keV gamma ray was foiind t o be a mix ture of 
99 ± 1% Ml and 1 + 1^ E2 and t h e 293 keV gamma ray a mix ture of 87 t l 
Ml and S--? 1^ E2 . 
D) IHE K-GOWERSION COEFFICIENT OF THE 145 keV TRANSITION IN Pr''-^-'-; 
Ttie K - i n t e r n a l convers ion c o e f f i c i e n t of t he 145 keV t r a n s i t i o n i n 
the decay of Ge-^ '*-^  i s measured with the he lp of s c i n t i l l a t i o n 
spec t romete r s t o be 0*38 + 0 .04 . This va lue has been compared with 
t h e t h e o r e t i c a l c a l c u l a t i o n s of S l iv and Band. 
E) TOTAL INTEP.NA1 CONVERSION COEFFICIENT OF THE 840 keV TRAiMSITION 
54 
IN Or : The total internal conversion coefficient of the 840 ke¥ 
54 -4 
transition in the decay of Mn is measured to be 2,0 + 0.5 x 10 . 
A comparison of this value with the theoretical calculations of 
Rose favoured the assignment of E2 multipolarity for the 840 keV 
gamma transition and 2 + assignment for the first excited state 
in Gr^^. 
F) GROUND STATE SPIN OF Pr^'^^: The angular c o r r e l a t i o n of the 
144 50 - 80 keV Y-V cascade in the d e - e x c i t a t i o n of Pr has been 
s t ud i ed in a co inc idence counter arrangement ©f h a l f angle^9? 
The a n a l y s i s of t h e s e r e s u l t s s t r o n g l y favoured a spin assignment of 
144 1 for the ground s t a t e of Pr over t h e p r e v i o u s l y accepted v a l u e 
of 0 for t h i s s t a t e . 
G) LEVEL SCHEME OF Sta^^^: The gamma ray decay of Pm^^^ (54 h) 
h a s been s t ud i ed us ing s c i n t i l l a t i o n s p e c t r o m e t e r s . The source was 
- 4 -
obtained by the thermal neutron I r r ad ia t ion of -(spec pure^ 
NdoO„ and the other a c t i v i t i e s were separated by an ion-exchange 
method. The gamma ray photopeaks were observed a t 39 keV X-ray, 
90, 175, 285, 530, 860 and 1100 keV energies . The h a l f l i f e s tudies 
of these Individual photopeaks showed t h a t a l l of the 285 ke¥ 
photopeak, most of the 39 keV X-ray peak and p a r t of the 530 keV 
broad peak are from the decay of Pm (54 h ) . The other peaks 
were a t t r ibu ted to various impur i t i es . These h a l f l i f e s tudies 
gave evidence for the existence of some new gamma t r a n s i t i o n s 
in addition to the gamma rays reported e a r l i e r . 
H) DECAY OF Cu^^ (9.9 m): The source was prepared by (n,2n) 
reac t ion on pure copper t a r g e t in a Gockcroft-Walton type 
acce le ra to r . The gamma spectrum recorded in a 20 channel analyser 
gave photopeaks corresponding to 0.88, 1.15, 1.4 and 1,7 MeV 
energies . The peaks at 0.88 and 1,15 Mev support the e a r l i e r 
r e s u l t s . The other two high energy peaks are assumed to be from 
the 14m Co activi ty-which might have been produced from (n ,X ) 
r eac t ion , 
^ 
Chapter IV. SYSTEMATICS OF E2-M1 MIXING RATIOS OF 2'+->2-f 
TRANSITIONS IN E7EI^ f NUCLEI:%stematic va r i a t ion of the reduced 
mixing r a t i o (6^/Ey )^ of the 2 H —> 2+ mixed gamma ray t r a n s i t i o n 
as a function of neutron niM)er in even n u c l e i i s inves t iga ted . 
I t i s seen tha t the reduced mixing r a t i o approach the s ingle 
p a r t i c l e estimate near the neutron magic numbers and near the closed 
neutron s h e l l s , the addition of two neutrons changes the reduced 
- 5-
mixing r a t i o quite d r a s t i c a l l y . The corresponding effect of 
proton magic numbers^ in bjl-nging the value JOf^tfeWS^feced mixing 
r a t i o neare i^^^^he s ingle p a r t i c l e estimate i s obse^ed to be 
r e l a t i v e l y M a l l . "^ 
Chapter V, DISCUSSION: With the help of the r e s u l t s obtained in 
the s tudies of the decay of some of the radioact ive nucle i 
presented in Chapter I I I , the behaviour and proper t i es of the 
ground and excited s t a t e s of these nuclei have been discussed 
in the l i g h t of the present ly avai lable nuclear models. 
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Chapter I 
Introduet ion 
One of the main problems of low energy nuclear physics i s 
the determination of the p roper t i e s of the nuclear energy l e v e l s . 
They are usual ly character ised by the energy (E), t o t a l angular 
momentum ( J ) , pa r i t y ( i f ) , magnetic moment ( A ) , e l e c t r i c 
quadrupole moment (Q), p a r t i a l level widths and t o t a l t r a n s i t i o n 
p r o b a b i l i t i e s . A short account regarding the scope of ttie work 
reported in t h i s thes i s in the determination of some of these 
proper t i es of the ground and excited l e v e l s of the rad ioac t ive 
n u c l e i , i s given below, 
A nucleus in an excited s t a t e can decay through one, or 
many of the various processes , namely, by the emission of a gamma 
ray , conversion e lec t ron , beta p o s i t i v e , beta negat ive , 
oC-particle e t c . and by capturing an o r b i t a l e lec t ron . By studying 
the nature of these t r a n s i t i o n s , one can in fe r the p roper t i e s of 
the nuclear energy l e v e l s . 
1316 conservation of angular momentum and p a r i t y give the 
se lec t ion ru les for the gamma ray emitted; such as ^^ 
/\7r ^ TTJ = (-1) for EL t r a n s i t i o n 
/ / L-i 
r= (-l) for ML t r a n s i t i o n 
lifliere Jj^, 3f are the angular momenta for the i n i t i a l and 
f ina l s t a t e s and 77"j^ , TT^ are the corresponding p a r i t i e s for these 
states respectively. Because of the transverse nature of the 
radiation, the electromagnetic monopole (EO) emission is 
forbidden. 
Expansion of the radiation field in spherical harmonics 
gives a series of terms for the radiation field, which are 
associated with definite angular momenta^'. Since the 
wavelength (X) of the emitted radiation is usually much larger 
than the nuclear size (R), the probability for the emission of 
higher multipoles become smaller by increasing powers of (R/j(), 
which implies that for all practical purposes we have to consider 
only the lowest raultipole fields imless they are forbidden by 
some special selection rules* The transition probability 
'- L[ClL-i-i)!!]^ t ' ^ 
where the evaluation of the reduced matrix element 
depends upon tiie specific nuclear model under consideration. 
Because of the poor resolution of the scintillation 
spectrometers, they are particularly unsuitable for precision 
energy measurements. However, in the case of gamma ray energy 
measurements, calibration of the spectrometer with various 
standard gamma sources and a least-squares fit of the data to 
a straight line (since the response of the well mounted Nal(Tl) 
crystals are found to be fairly linear even upto low energies) 
can give energies accurate to 0,5^, In tiie energy measurements 
3 
given in t h i s t h e s i s , the centroid of the photopeak was 
careful ly located and the energies were determined from the 
l eas t - squares f i t t e d energy ca l ib ra t ion curve* The e r ro r s 
in the gamma ray energies were estimated from the u n c e r t a i n t i e s 
in the ca l ib ra t ion curve and in locat ing the centroid of the 
peaK p o s i t i o n s . The e r r o r s , which are introduced when the low 
energy photopeaks are separated from the Compton background 
of the high energy gamma rays were a lso considered. 
The energy dependence of the efficiency introduces some 
e r ro r s even in the r e l a t i v e i n t e n s i t y measurements. While 
measuring the r e l a t i v e i n t e n s i t i e s every eaxe has been taken 
to reproduce the geometry of the source and the c r y s t a l . 
These measurements even af ter applying the usual correc t ions 
may contain an error of -^2% or even more. The prec i se gamma 
ray energy measurements are qui te helpful in assigning "ttie 
level energies , es tab l i sh ing the cross-over t r ans i t i ons and in 
determining the beta ray end-point energies a l so . These 
measurements have a lso been quite useful in studying the 
systematics and the s u i t a b i l i t y of the various nuclear models. 
The i n t e n s i t y measurements besides giving valuable 
information about the nature of the t r a n s i t i o n involved 
(which may fur ther help in assigning the spins and p a r i t i e s 
of the various excited s t a t e s ) may also throw some l i g h t on 
taie branching r a t i o s , order of the l e v e l s , cascade gamma rays 
and on the p a r t i a l h a l f - l i v e s of the be ta branchings. 
A 
Mhile establishing the decay scheme of a radioactive 
nucleus, {^-'^ ) coincidence measurements can decide the 
position of a gamma transition. The shape of the beta spectrum 
along with the log(.ft)value is useful in deciding the degree of 
forbiddenness of the beta transition, which helps in assigning 
the spins and parities of the excited states involved, 
Ihe study of the beta decay processes gives good information 
about the type of beta interaction also. Yvom an estimate of the 
relevant matrix elemoits, successful attenqjts have been made to 
3 4) 
define the order of the interaction constants » . !Qie electron-
neutrino correlations in particular should settle whether the 
tensor or pseudo-vector coupling is responsible for the G.T, 
component of radiation, or whether the scalar or vector coupling 
is responsible for the Fermi radiation. Experiments regarding 
the time reversal invariance and the lepton conservation in the 
beta decay are yet to be performed. 
"Ehe pulse-height produced per MeV energy lost in the organic 
phosphors like anthracene and stilbene is much smaller than that 
produced in the inorganic crystals like NaKTl) etc., but still 
the organic crystals are usually preferred in scintillation 
beta spectrometry, since their low atomic number reduces the 
scattering of the primary electrons, llie bad resolution of the 
beta scintillation spectrometers makes them unsuitable for the 
studies of the beta energies below 30 keV or so. They are 
reliable for studying the shapes of the beta spectra etc., but 
the beta end-point energies obtained with the beta 
sc in t i l la t ion spectrometers are not very accurate as they 
may contain large errors even after applying the f in i te 
resolution corrections. The 4 7r geometry of the s p l i t crystal 
sc in t i l l a t ion spectrometer makes i t indispensable in the 
studies of the low specific activity sources. Because of the 
fast response of the sc in t i l la t ion spectrometers, t h ^ are 
part icular ly useful in the fast coincidence work. 
The study of the conversion process has been found to 
give many finer de ta i l s . 'She importance of the precision 
conversion coefficient measurements i s tremendously increased 
after the now well established s ta t i c nuclear size effects of 
Sliv and Listengarten and the d^amic effects of Church and 
6) Weneser * Besides them the nuclear model dependence of the 
conversion coefficients has been -Kheoretically investigated . 
The studies of the systematics®' of the internal conversion 
coefficients of the pure E2 multipoles in 2-^ > Qf- t ransi t ions 
in the deformed nuclei of the heavy elements show some similar 
effects . However before coming to concrete conclusions we 
should remeasure most of the conversion coefficients with bet ter 
accuracy and precision so that these finer detai ls may be well 
observed. The conveisSion coefficient data besides giving good 
information about the applicabili ty of nuclear models, also 
gives valuable insight about the type of nuclear transi t ions 
involved. Comparison of the escperimental resul ts with the 
theoretically calculated values enable: us to infer the nature 
^ 
of the gamma rays emitted which may further allow us to assign 
the spins and par i t ies of the nuclear epergy levels . For the 
experimental determination of these conversion coefficients, the 
su i tab i l i ty of a part icular technique mainly depends upon the 
case under consideration. However, when the X-ray energy i s 
considerable, a comparison of the in tens i t ies under the X-ray 
peak and the gamma ray photopeak either in coincidences or in 
single spectrum of a sc in t i l l a t ion spectrometer can give fa i r ly 
consistent resul ts after taking account of the usual corrections. 
Yet times, the sc in t i l l a t ion spectrometer in spi te of i t s poor 
resolution i s more suitable for conversion coefficient measurement; 
because of i t s high efficiency and i t s less l ikel iness to contain 
systematic errors . 
The E.G/ft+ values combined with the log (ft) values and 
shapes of the beta spectra can give good information about the 
spins, pa r i t i e s and energies of the excited levels involved. 
The branching rat ios (E,G/ a+) are quite sensit ive to the 
end-point energies. A comparison of the experimental and 
theoretical values of these rat ios can give accurate end-point 
energies. In non-unique cases, these ra t ios may perhaps be 
made use of in the evaluation of nuclear matrix elements also. 
Though the f in i te nuclear size effects were theoret ical ly shown 
to be small ' , i t i s quite possible that these effects may also 
be observed in accurate and systematic studies of the branching 
ra t ios . These may yield some information about the nuclear 
charge distr ibution. I t i s quite expected that these studies alonj 
7 
with -taie development of the theory may give some idea about 
the f i n i t e nuclear s ize e f f e c t s , nuclear charge d i s t r i b u t i o n , 
second order co r rec t ions , e f fec ts of averaging the wave functions 
over the nuclear volume e t c . . The fac t tha t these branching 
r a t i o s are very sens i t ive to the Fierz in te r fe rence terms allowed 
Sherr and Mil ler^^ ' to ca lcu la te laie value of ffi/o^^ 1± 2^ 
22 
in the ease of a pure G.T, coupling in Na • Recently much work 
has been done in obtaining the Fierz interference terms from the 
accurately determined branching ratios, 
the internal brensstrahlung is the process in which 
neutrinos and inhomogeneous gamma rays are simultaneously 
emitted along with the beta decay, Ihe photons are emitted 
when the electronic charge is suddenly changed from the nucleus 
to a region outside. The gamma spectrum and angiilar correlation 
was shown to depend on the beta interaction only thro ' the 
beta-ray spectrum^ • The extension of this theory^ ' to 
forbidden transitions gave some small explicit dependence on 
the type of interaction involved, the order of which is too 
small to be observed with the presently available experimental 
14) techniques. Theoretical studies regarding the emission of 
internal bremsstrahliing in orbital electron capture which is 
also called the ^ radiative electron capture* were found to be 
15) i(^\ 
in fair agreement with the e3q)eriments • Some evidence-'-'^ 'was 
also observed in beta decay esqperiments for the ©nission of 
some new charged particles of mass of the order of an electron. 
Ihe reported existence of these particles is yet to be confirmed 
with improved experimental techniques, * 
3 
When the transition energy is more than 1.02 Mev, the 
nucleus may decay by the emission of electron positron pair. 
A comparison of the experimental pair conversion coefficients 
with the theoretically calculated values-^"' along with the shape 
of the positron spectrum and the angular correlation studies can 
19) 
give the multipole nature of the t r ans i t i on involved « The 
'Uniform f i e l d pa i r spectrometer ' proposed by W.F. Hornyak, 
the 'Orange pa i r spectrometer ' of O.B, Nielsen and the 
' Intermediate image s t a t i s t i c a l separation pa i r spectrometer* 
designed by Daniel and Bothe wi l l be qui te useful in accurate 
s tudies of these high energy t r a n s i t i o n s . 
The angular cor re la t ion s tudies are quite valuable in the 
determination of the angular momentum carr ied by the V-rays and 
in assigning the spins and p a r i t i e s of the various exci ted s t a t e s . 
This teelmique was also foimd to be su i t ab le for determining the 
nuclear *g' f a c to r s , the matrix elements in the be ta decay,the 
20) 
nuclear s t ruc tu re dependence in the conversion process V ^^ 
magnetic and qaadrupole moments and in obtaining some information 
about the molecular s t ruc tu re and the struc'feire of l i q u i d s and 
s o l i d s ^ ^ ^ In the work reported herein the angular co r re l a t ion of 
cascade gamma rays was performed mainly to assign the spins of 
the excited s t a t e s and to obtain the sign and magnitude of the 
mixing parameter • s" 'of the gamma rays . The mixing parameter 
' S * was found to play a decis ive ro l e in the v e r i f i c a t i o n and 
ia^rovement of the exis t ing nuclear models. The simple angular 
cor re la t ion s tudies withoutpolar izat ion are not much helpful i n 
assigning the p a r i t i e s of the l e v e l s , but i n d i r e c t evidence could 
be obtained by corroborating t h i s with some other data l i k e 
t r a n s i t i o n p r o b a b i l i t i e s , i n t e rna l conversion coef f ic ien ts 
e t c , i f ava i l ab l e . 
In view of t h i s d iscuss ion, i t i s qiiite imperative t h a t 
we should obtain more p rec i se and accurate data regarding the 
proper t i es of the ground s t a t e s and excited s t a t e s of the 
radioac t ive nuclei and about -ttie nature and the type of 
t r a n s i t i o n s involved. The s tudies described in t h i s t h e s i s 
were undertaken, mainly to inves t iga te the proper t ies of the 
nuclear l eve l s by studying the nature of the/3-and >^transit ions 
in some of the rad ioac t ive nuclei for \ ^ i c h the data have been 
e i the r Incomplete or ambiguous. Ihe s u i t a b i l i t y of the 
present ly ex is t ing nuclear models in explaining the experimental 
data have also been s tudied , 
A) NUCLEAR MODELS 
The ex i s t ing nuclear models may be c l a s s i f i ed as 
a) the strong in t e r ac t ion models in which the nucleus i s 
assiuQed to be an assemblage of closely coupled p a r t i c l e s , 
the model which i s well su i ted for explaining the high energy 
r e a c t i o n s , sca t t e r ing etc . ,where the closely packed energy 
l eve l s may be approximately defined by s t a t i s t i c a l t h e o r i e s ; 
b) the independent p a r t i c l e models in which the nucleons are 
assxaned to move ratt ier independently in an average po t en t i a l 
due to a l l the remaining nucleons. This model i s p a r t i c u l a r l y 
A 
good for the ground s t a t e p roper t i es and for the low lying 
energy l e v e l s , where the independent p a r t i c l e motion i s a 
good approximation. We are mainly in t e re s t ed in taie low 
energy phenomena where the independent p a r t i c l e models are 
more appl icable . 
i ) Single P a r t i c l e ^ e l l Model 
22 23) The nuclear she l l model ' assumes t h a t the nucleus 
move nearly independently in a common s t a t i c po ten t ia l with a 
strong sp in -o rb i t coupling obeying the Pauli*s exclusion 
p r i n c i p l e , The s p l i t t i n g betwe«i the two leve l s i =-^±^ i s 
proport ional to (2 -^+1) and the rad ia l wave fimction f ( r ) , 
Drell and Walecka^^' have performed theore t i ca l ca lcu la t ions t o 
check whether the nucleons moving independently i n a nucleus 
are i den t i ca l with the free nucleons or no t . Their r e s u l t s 
show tha t the quenching of the in1a:insic moment of a nueleon 
i s 5^6^ when i t i s being immersed in a sea of iden t i ca l nucleons. 
Since these e f fec t s are small , the in te rac t ion Hamiltonian H 
can be derived from the s ingle p a r t i c l e po t en t i a l UCi) and the 
res idua l two body in t e rac t ion V i j , ^ i c h can be t rea ted as a 
per tu rba t ion , 
i-i = I : T ^ + E u c i ) + t ^ v,y 
Two nucleons of the same kind with ihe same orbital 
momentum are most strongly bound if their total angular 
momentum is zero. Th.e difference between the binding energy 
V6f one nueleon with the same orbital momentum is called the 
pairing energy which increases with i • This simple model was 
fotmd to explain many properties of the low lying nuclear levels. 
253 Ihe she l l model has to be modified for configtarational i n t e r ac t i on 
which wi l l p a r t l y mix the s t a t e s having the same ! • Therefore 
many s t a t e s w i l l be ne i ther pure s i n g l e - p a r t i c l e nor pure 
many-particle s t a t e s . Near the closed she l l s the configurat ional 
i n t e r ac t i on becomes l e s s important and therefore the s t a t e s 
becomes pu re r . 
i i ) Nilsson Model 
The s ize of 12ie nuclear e l e c t r i c quadrupole moments can in 
some cases be explained by assuming an e l l i p so ida l nuclear shape. 
In t h i s ease the degeneracy of she l l model o r b i t a l s I4 with 
respect to the project ions K of t h e i r momenta i along the axis 
of the nucleus i s removed. The t o t a l angular momentum J of the 
nucleus i s then the combination of K with a r o t a t i o n of the 
nuclear surface around an axis normal to the symmetry axis of 
the nuc leus . Now, every leve l of ttie she l l model y i e l d s 
•|-(2J -f- 1) i n t r i n s i c l eve l s with spin K^ j . This s p l i t t i n g as a 
function of a parameter * S * which i s approximately the f r ac t iona l 
difference between the maximiim and the minimum diameter of the 
nucleus has been calculated and drawn by Nilsson ' • ,This 
model was found to be good in e i^ la in ing the spins of some of v^ tJie . 
excited l e v e l s of nucle i i n the region 150 < A <: 186. 
i i i ) The Col lec t ive Model 
In order to explain the observed la rge quadrupole moments 
in the regions far away from the closed s h e l l s , i t was f i r s t 
suggested by Rainwater^'''^ t ha t these nuclei may have a permanent 
-I (.d 
non-spherical e s sen t i a l l y spheroidal shape. "Then the nuclear 
deformations r e s u l t from the polar iz ing action of one or several 
loosly bound nueleons on the r e s t of the nucleus" . Further 
evidence for these co l l ec t i ve effects have been observed in the 
enhanced E2 t r a n s i t i o n p r o b a b i l i t i e s , when compared to the s ing le 
p a r t i c l e est imates i n many even-even n u c l e i . This c o l l e c t i v e 
in t e rac t ion between the nueleons can be due to the v ib ra t ions 
or r o t a t i ons of the nuclear surface. For nuclei s l i g h t l y away 
from the closed she l l s the spectra can be explained as due to 
co l l e c t i ve v ib ra t ions about a spherical equilibrium shape. For 
even-even nuc le i very far from the closed she l l s (155<.A<185;A>225) 
the spectra may be accounted as due to ro t a t i ona l -v ib r a t i ona l 
e x c i t a t i o n s . 
Bohr and Mottelson^®^ developed the ^Unified model' 
assuming tha t the nueleons move nearly independently i n a 
common slowly changing po ten t i a l taking account of the c o l l e c t i v e 
exc i ta t ions as va r i a t i ons of the shape and or ien ta t ion of the 
nucleus as a whole. In t h i s model, i t was assumed t h a t the 
nucle i are non-spherical but e s s en t i a l l y spheroidal and t h a t 
ttie nuclear motion separates i n to i n t r i n s i c and ro t a t i ona l 
motions^ Sh© assumption, which i s v a l i d when the frequencies 
of the co l l e c t i ve exc i ta t ions are small compared with those 
character iz ing the i n t r i n s i c nucleonic motion. 
B) INTERNAL G0N7ERSICW PROCESS 
A nucleus in an exci ted s t a t e with exc i t a t ion energy 
l e s s than the binding energy of the l a s t nucleon usual ly decays 
either by the emission of a gamma ray or by the ejection of 
one of the orbital electrons. The ratio of the transition 
probabilities for electrons to gamma rays is called the 
internal conversion coefficient. The values of the internal 
conversion coefficients mainly depend upon the gamma ray 
transition energy (Ey), the nuclear charge (Z), the shell 
from which the electron is ejected, multipolarity and nature 
(EL or ML) of the gamma ray. Rose ^ has calculated the values 
of the internal conversion coefficients assiuning the nucleus to 
be a point charge. Later it was shown that the finite nuclear 
size effects the internal conversion coefficients quite 
considerably. These effects can be l) the static effect 
describing the influence of the finite nuclear size on the 
conversion coefficients thro* the modification of the electron 
wave functions to include the finite spread of the charge 
distribution, 2) the dynamic effect in which an electron can 
on) 
move inside the position of the nueleon, Sliv and Band 
have calculated the internal conversion coefficient values 
by taking the s ta t ic effects into consideration. The S l iv ' s 
values which are smaller than the Rose*s values by as much 
as 5Q% in the case of some Ml transit ions in heavy nuclei were 
found to be in better agreement with the experimental values. 
The second effect corresponds to the part of the electron wave 
fxmction falling inside the nuclear charge dis t r ibut ion, which 
resul ts in the EO t rans i t ion . The radial integral after taking 
the f in i te nuclear size effects into consideration may be 
wri t ten a s ^ 
„^ (a) rA. „ . J^ Ca) ^ ib? 
The f i i ' s t term corresponds to liie point nuclear s ize assumption, 
the second term i s the s t ruc tu re dep^den t term due to the 
s t a t i c e f fec ts considered by Sliv and Lis tengar ten , S i s the 
form fac to r , f ins ide and F ins ide are e lec t ron wave functions 
in the smeared-out po t en t i a l ins ide the nucleus . For e l e c t r i c 
multipoles t h i s in tegra l contr ibutes for the EO t r a n s i t i o n s 
a l so . TSciB t h i r d term in the r ad i a l i n t eg ra l i s the contr ibut ion 
from the i r r egu l a r solut ions g and G to the Coulomb po ten t i a l 
which enters the p ic tu re when the ins ide wave functions are 
joined to the Coulomb po ten t i a l a t the nuclear surface, She 
quant i t i es ^^and Aj^represent the magnitude of ttoese con t r ibu t ions , 
©le f i r s t and the t h i r d terms are connected t o the hypeafine 
s t ruc tu re ; Bohr and Weisskopf ' have ca lcula ted the s t ruc tu re 
dependent second term which may vary from nucleus to nucleus . 
Church and Weneser have shown t h a t the EO contr ibut ion 
wi l l be qui te considerable pa r t i cu l a r l y when the t r a n s i t i o n s 
are hindered due to some special nuclear se lec t ion rules* The 
forbidden se lec t ion ru les may be l ) 1 se lec t ion r u l e for Ml 
t r an s i t i ons for which A l ^ 0 2) forbidden Ml t r a n s i t i o n s 
in 2H--=>2+ t r a n s i t i o n s i n heavy even-even nuc le i 3) forbidden Ml 
t r a n s i t i o n s between the ro t a t iona l l e v e l s of the highly deformed 
heavy nuc le i e t c . The ca lcu la t ions of Church and Weneser properly 
i K 
33^ 
explain the many anomalous internal conversion coefficient values 
which were found to be greater by many orders when compared to 
the values of Rosef"*^  Sliv and Band^, 
Ihe recent accurate determination of the internal conversion 
35) 36) 
coefficients by M.G» Joshi and B»¥. Ihosar • Durham et al» 
further support the significance of the EO transition in some 
of the forbidden Ml transitions. Similar calculations for the 
37) 
electric monopole transitions (EO) have been made by Nilsson 
who has also shown that the EO contribution is qaite considerable 
in the case of the forbidden electric dipole transitions. The 
significance of the EO transition in the case of highly deformed 
heavy nuclei has been experimentally shown to be considerable 
by many workers \ 
C) ANGULAR GORRELATIOK OF CASCADE GAMMA RAYS 
Let us consider a sisrple i^-^ ) cascade with the initial 
state A, intermediate state B and the final state C, Let the 
angular momenta of those states by j^ , j and ^^ respectively, 
!12ie angular distribution of the different multipole components 
L,m in a single transition A—-j'B may be written as^^ 
where YL,ni*s are the spherical harmonics. This will give 
an isotropic distribution in the case of randomly oriented 
nuclei since various m states are equally populated, but the 
4 <^ 
transitions between specified m states will have a characteristic 
angular distribution given "by eq(l). To observe this sort of 
angular distribution, either we should align the nuclei in a 
particular direction, or we can select a certain number of 
nuclei aligned in a certain direction out of the randomly 
oriented nuclei. The first condition may be achieved by means 
of an external field which interacts with the nuclear ms^ jietic 
moment or the electric quadrupole moment. In the second method, 
we select a certain number of gamma rays from A—>B emitted in 
a small cone of solid angle, which are obviously from the N nuclei 
with their spin orientation in a particular direction. The 
succeeding gamma rays (from B—>C) coming from these N nuclei 
will show a characteristic distribution with respect to the 
direction of the first v-pay. Let A^ ^ 2 ^ ® ^^® propagation 
directions of the radiation, ISien the correlation function 
W < !]_ A2) may be written in the form^^^ 
WC^.O- S l - i - -(2) 
•rt iw' 
Where S denotes the summation over a l l the unobserved p rope r t i e s 
of the rad ia t ions 1 and 2; H-j_ i s the in t e rac t ion Hamiltonian 
causing the emission of the r ad ia t ion in the d i rec t ion ^1 e t c , 
EJ2JQ' i s the energy s p l i t t i n g of ttie substa tes mm* due to 
extranuclear f i e l d s and '^ i s the mean l i f e of the middle l eve l B, 
The matrix elements of d i s t i n c t multipole order can be s p l i t 
i n t o geometry fac tors and reduced matrix elements and the 
17 
dependence on the magnetic qaan^ tum nuaibers may be expressed in 
terms of the *F« coefficients^-^^ The expression <2) may be 
written as an expansion in Legendre Polynomials, 
Ui9) = ^ ^^ V^ (Cose-) (3) 
af ter normalization 
WCe)= 1 +n^T>^icote)+f\^^^ CccsQ)+--- 14.) 
Now the A 9 coef f ic ien t may be w r i t t o i as a product of two 
independent fac tors each depending on the pa r t i c \ i l a r gamma 
t r an s i t i on such t h a t , 
For pure mult ipole gamma rays the experimental A j 
values may help i n unique spin assignments, the accuracy of 
which mainly depends on the p a r t i c u l a r case under consideration^ 
When both ttie ">^-rays are mixtures , 
and a s imilar expression for i^  
Since the *F* coef f ic ien t has to sa t i s fy the t r iangular 
condit ions; ^ can have values such t h a t 
6':£ €yen.:P < Mew. C21^ ^ 2^,2L^") . 
^ 2 L ,+ i , , 
\diere o ±s the mixing parameter, § ;. — y — - (s) 
©le Value of-P maxi ^^ ^^ ^^^ mainly depends upon the selection 
rules (7) 
From the properties of the *F* coefficients for ^  =0 
r I,. 2 
f dC^ \ 
1 Q 
i a 
defining 
2 
S^ iio) 
42) 
/a eq(6) may t)e written in a convenient form 
1 2 
As a special case let >^- be a mixture of 2 and 2 and 
Y2 be a pure 2 ; Now 
/? - / ' , ' / - ' (") 
Where A2^  i s given by eq (11) and 
the other terms vanish because of the t r i angu la r condit ions* 
The p l o t s of A2 ^^  ^y^ in eq (12) and A^^  OJS Q^^  in eq (IS) 
give respec t ive ly an e l l i p s e and a s t r a i g h t l i n e passing through 
the or ig in ( 0 , 0 ) . The t r i angu la r conditions <7) r e s t r i c t s the 
A4 values to depend only upon the quadrupole content of the 
gamma t r a n s i t i o n s , which maker the analysis qui te simple. 
Assuming d i f fe ren t values of Q^ohe can find out the corresponding 
values of A2 with . a rb i t r a ry values for V i ^^ for the three 
1 2 . . . 
l e v e l s and the m u l t i p o l a r i t i e s 2 and 2 for the upper t r ans i t i on* 
In order t o obtain the value of Q y^  , we have to divide the . 
i fl^ ±o\ ) by \ axi&(^^i<r^ ) by /)^ of t h e pure t r ans i t i on* 
The r e su l t i ng values can be compared with the s ing le t r a n s i t i o n 
curves which give the value of Q^ cons is ten t with the experiment, 
1 
19 
When both the gajnma t r a n s i t i o n s are mixtiar^of nrul t ipoles, 
Ao wi l l become "ttie product of two eacpressions (for -/i and ^'2) of 
«) Oi) <exp; 
the type eq ( U ) and A^ = A4 A^ • Knowing the A^ , 12ie values 
of A4 and A^ could be p lo t t ed as an area between the 
equ i l a t e ra l hyperbolas. Two more graphs could be drawn l)keeping 
t3ie zero on the same hor izonta l l i n e as escplained above and a lso 
with the same sca le as tha t of A ^ so tha t A5, values could be 
cor re la ted easily* Similarly on a s t r a i g h t l i n e p a r a l l e l to 
tha t of A2 and on "ttie same scale as t h a t of A2 another graph 
could be drawn ^ust s imilar t o t h a t of t he previous one, which 
r e s u l t s in two e l l i p s e s and two s t r a i g h t l i n e s in t o t a l * 1?hus, 
in these graphs a range of Q y cons i s t aa t with the f i r s t 
t r a n s i t i o n wi l l correspond to a range of values of Q y for the 
second t r a n s i t i o n required by the experimental graph and v i ce 
ve r sa . Therefore addi t ional information i s always necessary 
for making unique assignments. These l im i t s can be placed 
from the i n t e rna l conversion da ta , h a l f - l i f e measurements and 
t r a n s i t i o n p r o b a b i l i t i e s . Knowing the value of Q a t l e a s t in one 
t r a n s i t i o n from other da ta , the mult ipole nature of the second 
gamma ray can be uniquely assigned. 
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CHAPTER I I 
INSTRUMENTATION MD MALYSIS OF DATA 
A) CONSTRUCTION ml> SETTING-UP OF THE SPECTROMETERS 
1 . P o l i s h i n g and Moimting of Nal (Tl ) C r y s t a l s : 1-4) 
Two raw b lanks of Nal (Tl) c r y s t a l s purchased from 
The Harshaw Chemical Co. were p o l i s h e d and moimted i n a 
s p e c i a l l y c o n s t r u c t e d dry box. The f r e e i od ine and water 
which may be adhering t h e c r y s t a l b lanks were removed by 
g r ind ing them i n , the dry box i m t i l they a r e c r y s t a l - c l e a r . 
Al l t h e s i d e s of the c r y s t a l were l e f t p e r f e c t l y rough (by 
g r ind ing wi th ze ro -ze ro a b r a s i v e paper ) except ing one f a c e , 
which was coupled t o t h e face of t h e p h o t o m u l t i p l i e r . This 
face was p o l i s h e d wi th acetone us ing t i s s u e p a p e r . The 
c r y s t a l s were mounted in "ttiin Al cans , keeping minimum amount 
of t he AI2O3 around t h e c r y s t a l i n o r d e r t o minimise t h e Compton 
s c a t t e r i n g in t h e housing of t h e c r y s t a l . The c r y s t a l s were 
sea led w i t h ' a r a l d i t e * ( ' C i b a ' adhes ive) a f t e r o p t i c a l l y coupl ing 
them wi th p e r f e c t l y p l a n e t h i n g l a s s p l a t e s u s ing DC-200 
s i l i c o n e o i l . The mounted c r y s t a l s were again o p t i c a l l y j o i n e d 
t o DuMont-6292 p h o t o m u l t i p l i e r s wi th s i l i c o n e o i l . The 
c r y s t a l - p h o t o m u l t i p l i e r systems were made l i g h t t i g h t . With 
t h e s e mounted c r y s t a l s a r e s o l u t i o n of 9^ was ob t a ined fo r t h e 
662 keV gamma ray of Cs . Anliiracene and p l a s t i c s c i n t i l l a t o r s 
were a l s o p o l i s h e d and coupled t o the p h o t o m u l t i p l i e r s u s i n g 
t h i n (5mg/cm ) aluminium f o i l as a r e f l e c t o r and l i g h t s h i e l d . 
2, Linear Amplifier 
DD2 type "Non-blocking Double-line Linear Pulse Amplifier^^ 
of gain <i40,000 was assembled and t e s t ed in the laboratory using 
Tektronix 513D osc i l loscope . This amplifier cons is t s of three 
non-blocking feedback groups of approximate gains 70,70 and 50. 
The double d i f f e r en t i a t i on method incorporated in the f i r s t and 
the seccaid stages of t h i s amplifier such 12iat the pos i t i ve and 
the negat ive components of the pulse are exactly symmetrical, 
reduces the sh i f t in the energy axis a t high counting r a t e s , the 
trouble which was foimd to be quite serious in the conventional 
amplif iers • This shaping was accomplished by means of delay 
l i n e s . By su i tab ly loca t ing these d i f f e r e n t i a t o r s , the noise and 
pi le-up i s a lso minimised. The non-overloading fea tures were 
obtained by maintaining the operating point of the cathode coupled 
pa i r in each of the three feedback groups such tha t there i s no 
appreciable grid cur ren t . Besides these excel lent fea tures 
**its high gain, good s t a b i l i t y , wide gain control range, good 
l i n e a r i t y a t a l l gain s e t t i ngs and counting r a t e s , low no i se , 
va r i ab le bandwidth, freedom from blocking and the a b i l i t y to 
operate under high duty cycle condit ions" make i t a v e r s a t i l e 
instrument in s c i n t i l l a t i o n and proport ionalcounter spectrometry. 
The high gain makes i t eas i ly suscept ib le for o s c i l l a t i o n s . 
The Idiree feedback groups were carefully adjusted such t h a t the 
feedback phase i s always negative with respec t to the app l i ed 
7) 
signal . Even a s l i g h t unbalance of t h i s condition may give 
a t o t a l phase-sh i f t of 180°, which may lead to o s c i l l a t i o n s . 
Every care was taken to sh ie ld the p\ilse cab les , to minimise 
the length of the pulse carrying wires by properly planning 
the pos i t ions of the components and in reducing the 
cross-connections of the pulse wi res . All the ear th po in t s 
were grounded a t only one point of the chasis to reduce the 
chasis cu r r en t s . 
3 . Cathode Followers 
o\ 
Two White Cathode Followers which were also constructed 
and tested in the laboratory were designed to match with the 
DD2 amplifiers. These cathode followers faithfully transmit 
long tail pulses (cilOO /^sec at the base) of either polarity, 
which is. the input requirement of the DD2 amplifier. The 
output of these cathode followers contain minimum nonlinearity, 
distortion and noise. 
4. High Voltage Power Supplies 
High voltage power supplies with good stability, low 
noise and ripple are essential for scintillation spectrometers. 
®ie precision regulated high voltage power supplies of 
Higinbotham^^ fairly satisfy the above conditions. Two such 
power supplies have been assembled and thoroughly tested in 
the laboratory. They are giving excellent stability<the 
variation in the DC high voltage is less than 0.2^ for the 
input variation frcan 180 to 260 volts.) low noise and ripple 
and practically no drift for continuous operation of about 
six hours. 
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t r igger a 6J6 un iv ib ra to r . The gate pulses for the 20 channel 
analyser were taken from the p l a t e , which are of about 25 v o l t s 
in amplitude and of 2 ^asec width a t the base . 
The block diagram of the c i r c u i t r y employed i s shown in 
f i g . 2 . 
B) MiOiYSIS AND GORRECIIONS 
1. S c i n t i l l a t i o n Spectrum 
The s c i n t i l l a t i o n spectra of mono-energetic gamma ray 
sources may contain a photopeak corresponding t o i t s inc ident 
energy, the Gompton continu\jm witii a sharp edge, a baekscat tered 
peak, pa i r peaks end escape peak corresponding to the inc ident 
photon energy minus the energy of the iodine X-ray. Some of the 
spectra recorded in the present setup with the standard gamma 
12) 
sources are given in f i g . 3 . Though the recent experiments 
showed t h a t the NaI<Tl) c ry s t a l s are not perfec t ly l i n e a r , in 
a l l the following measurements, the ca l ib ra ted energies are 
l eas t - squares f i t t e d to a s t r a i g h t l i n e as given in f ig«4. The 
reso lu t ion of the s c i n t i l l a t i o n spectrometer mainly depends upor 
the s t a t i s t i c a l tancertaint ies in the niimber of photons emitted 
by the phosphor; i n ttie number of photoelectrons emitted a t the 
photocathode and in the processes of mul t ip l ica t ion of these 
electrons a t the dynodes in the photomult ip l ier . Since the 
13) 
reso lu t ion i s mainly dependent on these s t a t i s t i c a l f a c t o r s , 
i t Varies inversely as the square-root of the inc ident gamma ray 
energy as obtained in f i g . 5 . 
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The gamma so\irces were always prepared in th in perspex 
rods and they were mounted a t the cen t ra l axis of the c r y s t a l . 
In o rde r , t o reduce sca t t e r ing , a l l the sca t t e r ing mater ia l was 
kept away from the source. The tanknown gamma spectrum was 
analysed by successively subtract ing the spectrum of some known 
mono-energetic gamma ray source of approximately the same 
s t rength and energy as t ha t of the h ighest gamma ray present 
in the unknown spectrum, 
2. Gompton Edges and Backscattered Peaks 
^en a gamma ray escapes after Gompton scattering, the 
maximum energy given to the electron gives rise the Gompton 
edge 
G^oBip. edge = ^ >^  (incident) (l) 
(1^ 2 £y 
If the Gompton scattered gamma ray is also simultaneously 
absorbed in the crystal, the probability of which increases with 
the size of the crystal, then ttie pulse will fall under the 
photopeak. If it is scattered back by the surrounding material 
it will give the so called backscattered peak, corresponding 
to an energy E= E^^^^^^ "^ ^ ^ Gompton edge, *^^ intensity of 
which could be reduced by keeping minimum amount of substance 
aroxand the crystal and by selecting the surrounding material 
to be of low Z.While analysing the unknown spectrum, the Gompton 
edges and backscattered peaks are identified with the help of 
fig, 6 plotted with mono-energetic gamma sources. 
3» In tens i ty Measiirements 
14) 
Knov7ing the l i n e a r absorption coeff ic ient , one can obtain 
the theo re t i ca l ly ca lcula ted^^ ' values of the detec t ion eff iciency 
( € ) . The r e l a t i v e values of 6 / i i where Si- i s the sol id angle 
can be experimentally determined with the help of the standard 
, 60 88 . 
sources with known gamma ray i n t e n s i t y r a t io s (Go ,Y etc»'« 
Elimination of ' i l * from these r a t i o s wi l l give the value of 
' 6 ' • AR estimate of the p robabi l i ty t h a t a gamma ray may be 
ccanpletely absorbed by means of mult iple processes l i k e the 
Gompton sca t t e r ing and the subsequent photoprocesses and give 
a pulse under the photopeak, can be obtained by p l o t t i n g the 
theore t i ca l and effect ive eacperimental values of photo 
'^hoto 'fComp^air 
for mono-energetic gamma sources as shown in f ig«7. The e f fec t ive 
photo-efficiency for the detect ion of the counts under the 
photopeak i s given by 
fCounts under the photopeakT x t o t a l eff iciency for the gamma ray 
LTotal counts j 
4 . Escape Peak I n t e n s i t i e s -' 
If the energy <E y ) of the incident gamma ray i s t o t a l l y ' 
l o s t in the c r y s t a l , then the pulse w i l l f a l l under_the photopeak. 
But when the iodine K-X-ray escapes from the c r y s t a l , we wi l l get 
an 'escape peak' corresponding to an energy <Ey -28,4 keV), I t 
was shown by Axel ' t h a t the r a t i o of the pscapje^pleak i n t ens i t y 
t o t ha t of the photopeak in t ens i t y mainly depends upon the energy 
of the inc ident gamma ray, geometry of the experimental se t up and 
29 
on the dimensions of the c rys ta l* The escape peak i n t e n s i t i e s 
are neg l ig ib le for incident gamma ray energies of 200 keV or 
above. Axel • ' • h a s calcula ted the escape peak t o photopeak 
i n t e n s i t i e s for d i f fe ren t energies and for various geometries. 
The values of the escape peak to photopeak i n t ens i t y r a t i o s 
obtained from the formulae of Axel^^^ for the geometry of the 
set-up used in the present measxjrements have been compared with 
the experimentally obtained values as shown in fige 8 (please 
see the f i g . facing page ^ t ) , This graph has been used for 
correct ing the photopeak i n t e n s i t i e s . 
5. Calculation of The Intensities of The Sum Peaks 
1/^ile analysing the s ing les gamma spectrum, one should 
careful ly separate the simulated peaks due to summing up of the 
coincident gamma r ays . They could be iden t i f i ed by the fac t 
t h a t the photopeak counts due to a genuine mono-energetic gamma 
ray f a l l s as *-5i* the so l id angle; and the counts under the 
coincident sum peak f a l l s as SI • An est imate of the counts 
under the coincident sum peak wi l l help in checking up the 
genuinity of the observed peaks and in determining the exact 
r e l a t i v e i n t e n s i t i e s of the gamma rays , p a r t i c u l a r l y when 
there i s a cross-over t r a n s i t i o n between the cascade gamma rays . 
The i n t ^ i s i t y of the coincident s-um peak <Pc.s) can be obtained 
from the eqa.- '^^ '^  
where P and P i^O are the areas under the coincidence 
c » s ••-
photopeak and the photopeak in the fixed channel which is set 
on the V|,-ray;£ and £. _ are the photopeak and total efficiencies, 
f is the fraction of the i^  -ray in coincidence with the Y2~r^y' 
and SI is the solid angle, N;^ is the random summing of two ^ 
pulses of the proper pulse height which can be obtained from 
18) the resolving time of the amplifier. , 
6. Calculation of The Percentage Contributions in 
(V'-Y ) cascades 
Vftien more than one gamma t r a n s i t i o n ilet one of them be 
denoted byV') leads to a c e r t a in leve l which further de^excites 
by means of another gamma t r a n s i t i o n , (here ca l led V) ; the 
percent contr ibut ions by each of the upper gamma rays ( V ) to 
the i n t e n s i t y of the lower gamma ray < Y ) gives useful 
information in es tab l i sh ing "Uie decay scheme, - ... in checking-
up the p a r t i a l i n t e n s i t i e s of the be ta ray groups and in keeping 
the gamma t r a n s i t i o n s a t appropriate places in the decay scheme, 
'Hie percentage contr ibut ions (^ ^ ) of the upper gamma rays< Y ) 
to the i n t e n s i t y of the lower gamma r a y ( " / ) can be obtained 
19) from the formula 
y_ - -_t L i (^3) 
t £ . CV) Ui9o)SL CCi) ^ 
where Si is the solid angle, e^ C'>'9is the photopeak efficiency 
G (Y ) is the observed coimting rate in the fixed channel after 
* 
applying corrections for the Gompton contribution of the high 
energy gamma rays, P ( >' ) i s the area under the photopeak of 
V-ray observed in time ' t ' and K is the correction factor for 
the external absorbers. 2^ he quantityX< V ) i s the conversion 
coefficient of V-ray« W <90°) is the angular distribution of 
the two coincident gamma rays obtained from the angular 
correlation data. From the same formula, knowing the percentage 
contributions <x), the value of the conversion coefficient X( V ) 
can also be evaluated. 
7. Gamma Ray Transition Probabilities 
Ihe transition probabilities for the electric and 
magnetic transitions for a single neutron in the single particle 
2 0 ) 
model after simplification are given by ^ ' 
2 . „ x^L^^ -13 ^^^ 
S CJ^ ,L^ JP xlo"^^ S^c (4-) X 
CXncL 
2 , 2L+2 
-ii 2L-2 _ 2-' 1 /• 
(a irx, 10 C-m) S C^t ,^, ^j)-^iO Szc ^^^ 
The reduced matrix element in the Bohr and Mottelson 
model^ ^^ i s 
ft CC2) . 1 ^ e Q, _ (t) 
where QQ i s the i n t r i n s i c nuclear quadrupole moment due to 
deformation. Or 
cr+i-^ J i^r- T(^T+i) ( 2 j + 3 ) C T + 2 ) 
and 
e-^ f .^ ^ ,^  :;;c^C^~^ -^^ )C -^^ 2-^ ) 
where Qo = 4/5 z RQ ^ » andAR/R^can be approximately obtained 
from the Nilsson diagram. In very rough estimates(gg-gg) cr^l; 
which i s j u s t i f i e d since gj^ = "^/^ and ^^ correspond to the l a s t 
proton. The r e l a t i v e t r a n s i t i o n p robab i l i t i e s in the same 
band can be obtained from the formula 
The Values of the t r a n s i t i o n p r o b a b i l i t i e s for the various 
ro t a t i ona l and v ib ra t iona l s t a t e s in the Davydov and Fil ippov 
model are calculated from Eqs.(2) and <3) of Chapter 7 , 
8, Angular Correlat ion Studies 
The t ab l e carrying "ttie detectors which was made of a th in 
cardboard has been kept away from a l l the sca t t e r ing material i ; . 
The source was always prepared in a thin perspex rod and i t was 
moimted a t the or ig in of the cent ra l axes of the de t ec to r s . This 
was tes ted by noting the s ing le coimts a t d i f fe ren t angles 
between the counters . The following t e s t s were also performed 
• _ -J 
t3 el 
to check the sca t t e r ing from the de tec tors and ttie surrounding 
ma te r i a l . The coincidence counting r a t e for angles syimnetric with 
respect to 90° were observed to be the same within s t a t i s t i c s . 
The coincidence counting r a t e was found to be not affected by 
an addi t ional absorber between the de tec towfor @=90 pos i t ion . . 
Ihe coincidences were recorded for 5 min a t each angle from 
90° to 180° between the cen t ra l axes of the de t ec to r s . jChe 
s t rength of the source was always selected such t h a t the 
true-to-chance r a t i o was high. Ihe chances were subtracted by 
repeatedly t e s t i n g the coincidence c i r c u i t by the random 
coincidence method. The coincidence r a t e was normalised by 
dividing wilii the s ingle counting r a t e s N-j^  Kg and multiplying 
by N- (180°) N ( 1 8 0 ° ) . This method takes account of the source 
decay during observation, source alignment and any s l i g h t d r i f t 
in the s ing le counting r a t e s . The l e a s t squares f i t of the data 
was made to the ecpi. 
W(0)= ^ ^^%C Co^ ^) ^^ ""^  
if' z 0, euetx 
Before taking up the actual case for angular co r re la t ion s tud ie s , 
the spectrometers were always t es ted for the anisotropy of the 
Co source. 
Low soiiTce s t rengths were employed, so t ha t the counting 
loss cor rec t ions , N°=Njjj (1+S ) are small . From the s ing les 
counting r a t e the background NQ has been subtracted* Since 
the source dimensions were always maintained small and the 
source was always made in a th in perspex rod, the correct ions 
for the sca t t e r ing in the source and the source holder and the 
f i n i t e source s ize e f fec ts are also neglected. "Che a t tenuat ion 
of the angular cor re la t ion due to extra-nuclear f i e lds has been 
assumed to be small , because the experiments were always performed 
with the source in a conducting acid medium e i ther in a l iqu id 
or in a semi-sol id s t a t e . The at tenuat ion due to the time 
dependent f i e ld s i s a lso neg l ig ib le because of the slow coincidence 
c i r c u i t r y (t: =0el5 yttsec) employed, 
i ) Evaluation of The X.^Goefficients: The X;jCoefficients which are 
22) 
the most probable values for the given data are obtained from 
n w,c^-c:^;,rtu}=M*- C") 
The required normal e(jis, (eqns. expressing the condition that 
the first derivative of each variable should be zero) are 
r W , C h - C : c^^A,,)A,,-o (12) 
which may be wr i t ten as; 
^o+'<^«.^^'^/^^'4^A 10 
+ - - - = o 
a n . ^ ^ ^ ^ '^ ^ ^^ 
^^ TT, ^ '* ^ ^^ ^ Ci=) 
By solving these three equations, the three unknown 
coeff ic ients <<o , o(j^  and iK^can be evaluated. Subs t i tu t ion of 
these values in eq<lO) gives the least-s(p.ares f i t t e d curve. 
S (5 
ii) Finite Angular Resolution Correction: The theoretical 
correlation given by eq(lO) has to be modified for the finite 
solid angles subtended by the detectors at the source. When the 
source is mounted at the origin, the form of the correlation 
function is unchanged. The attenuation factor by which the ^ 
experimental «^^coefficients would be attenuated can be calculated 
accurately. For similar detectors and for V-rays with similar 
absorption coefficients, the average observed correlation 
2 - 2 
V Jo '^  To ^ 
where -^l ' { \ CCos/s) Cl-e *) ^i^jid/i 
OQ") 
following Rosens 'notation. 
When the energies of the gamma rays V^ and y^axe close 
to the annihilation radiation. 
Where ^=cos y and V ; the halfwidth can be obtained from the 
op 
annihilation radiation of Na . Since this method is usually 
not very accurate, the coefficients have been corrected by 
analytically computing the value of < ^i I Jo ) from the equations 
of Rose^^\ 
The errors quoted for the oC^coefficients are the statistical 
errors. The set-up has been tested for the systematic errors 
22.) 
also by Rose*s method «, 
3S 
9. Log ( f t ) Values 
Esqjerimental de terrain a t i en of the hal f l i f e ( fc//a) and the 
end-point energy WQ of a beta emitter with only one group 
together with the knowledge of Z of the daughter nucleus, one 
can obtain the log ( f t ) values taking the f(Z,WQ) values from 
23) 
the graphs of Feenberg and Trigge Viftien there are more than 
one group, the h a l f l i f e < ^'b) i s to be replaced by the p a r t i a l 
h a l f l i f e t|- = -^ where x i s the r e l a t i v e percentage 
abundance of the i t h , group. Ihese l og ( f t ) values are useful 
in c lass i fying the t r a n s i t i o n as allowed or forbidden. The 
Fermi-Kurie p l o t s of the beta spectra have been dravm with the 
24) 
help of the standard t ab les • 
10. End-point Correction for the >3 -spectrum 
Assuming the l i n e a r i t y of the s c i n t i l l a t o r s , Palmer and 
L a s l e t t "^  have given the t rue d i s t r i bu t ion of counts 
^,CE). ^ [ N e C . ) - ^ . V N^c.)-^ f, v^ .ley)] (10 
Where Ne (7) is the observed counting rate at the base line 
voltage V, N '(V) and N "(V) are the first and the second 
e e 
derivatives of N-(V) which are evaluated by the least-squares 
method,and B is the halfwidth of a mono-energetic peak at l/e 
of the maximum counting rate when the centre of the line 
coincides with V. R can be obtained by knowing the resolution 
of the spectrometer for 632 keV mono-energetic conversion 
elect rons of Gs-'-^ '^  a t any vol tage V . The constant G i s 
evaluated from the i n t eg ra l 
oo 
-Cv- ^JKJ 
R • d.£„ (17) 
where /< =E/V and E i s the beta p a r t i c l e energy. Even af ter 
applying these correct ions the values of the end point energies 
obtained from f> - s c i n t i l l a t i o n spectrometers may contain an er ror 
of + 1Q% or even more, 
11. Backscattering of Beta Rays: 
The r a t i o of the counting r a t e with araS without backscat terer 
26) i s ca l led the backscat ter ing factor""^' ( it, ^ 
l o /c+A 
1- ^ u^) 
WIJM. A- ^ 111— 
" 2 / 4 0 X 
" ^ 7 7 7 
7. 7S-
0.31 
£^ II 4-
ClAA. 7>C^>^) 
Where I^ ^ and I^ are the backscattered and or ig ina l beta 
i n t e n s i t i e s , ' d ' i s the thickness of the backsca t t e re r , ' / ^ ' is the 
(apparent) mass absorption coeff ic ient ( in cm^/gm) and X i s 
the absorption coeff ic ien t of the backscattered r a d i a t i o n . In 
a l l the observations discussed in th i s t h e s i s , a th in ce l lo 
tape (3 mg/cm ; 2 = 5.6) a f te r removing the gum i s used for 
preparing the be ta sources . With the help of the above 
formulae the backscat ter ing factor f^ j was found to be cil,025 
in t h i s p a r t i c u l a r case . 
12. Solid Angle Subtended by an Extended Source: 
Ihe geometry of a counter <G) i s the percent of so l id 
27) 
angle about the source subtended by the sensitive volume 
3 / ^ ^ 
a s I ^- -——,i7 - ^ • — ..sh 
^Y^ f IS 
ty^ /.I ^'9 ) 
Where P>'—,j_ and i- ^ . 'a* i s the source to the c rys ta l ^ 
distance, *b* is the radius of the detector and 'c* is the 
radius of the source. The value of G was obtained to be 
ji-0.44 in the particular set up used for the conversion 
electron detection in the case of Mn . 
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CENTER III 
DECAY SCHEME STUDIES 
A) THE ENERGY LEVELS OF I ^ ^ 
1. Introduction 
Early work ' on Te showed tha t i t decays by the 
emission of 106 keV isomeric t r ans i t i on to the ground s t a t e 
of T e ^ ^ , which then decays by beta eniissi»n with a h a l f l i f e 
of 74 minutes to the l eve l s of I"'^^. Graves and Mitchell^^ 
129 
reported t h a t the 74 min a c t i v i t y of Te exci tes energy l e v e l s 
in I-*-^ ^ a t 27,502,720 and 1150 keV. They also shoi/ed t h a t the 
41 day Te"'" decays by beta emission, in addit ion to the 106 
keV isomeric t r a n s i t i o n , and the A - / I » T . r a t i o was found to 
be about f ive percent . In order to explain the f ive percent 
be ta branching, i t was suggested*^' t h a t a be ta ray t r a n s i t i o n 
of end poin t energy 1586 keV takes place between Te and 
the ground s t a t e of I • However, recent measurements^ for 
t h i s r a t i o have shown t h a t i t i s about 32 percent . This leads 
to the p o s s i b i l i t y of Te exci t ing some new l eve l s in I 
by e lect ron emission. Banerjee and Gupta have ca lcula ted the 
X27 129 
energy levels of I and 1^ on the basis of the unified 
model. The decay of Te"^ is investigated with the expectation 
of finding new levels in l^ '^ ^ and also to compare the theoretical 
calculations with the experimental data, 
2, Source Preparation 
12 &n 
The Te isotope was obtained as a fission product in 
f To be published in Nuclear Physics 44 <1963) 
Fig . 1 . The energy apectriim of gamma Tsc^^jt 
V O L T S 
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the •*Apsara**V reac tor a t frombay** 33ie chemical separat ion was 
performed to separate T e ^ ^ from tiie rad ioac t ive i so topes of 
other elements .^formed diiring f i s s i o n . About 2© /t c of Te 
was dissolved in d i l u t e n i t r i c acid and the source was prepared 
in a th in perspex rod with a hole 3 mm deep and 2 mm in diameter 
by repeatedly drying the d i l u t e solut ion under a heating laii^. 
No evidence was found for the existence of other te l lur ium 
a c t i v i t i e s . 
3* Gamma Ray Spectrum 
The energy spectrum of gamma rays recorded in a 3 .8 x 3 .8 cm 
cy l indr ica l Nal (Tl) c rys ta l s c i n t i l l a t i o n spectrometer i s 
reproduced in f i g . 1 . Evidence for the existence of photopeaks 
a t 27,475,720,1100,1320 and 152© keV i s c l ea r ly seen. By 
following l ^ e i r decay, a l l the photopeaks were found to have 
the same ha l f l i f e of about 40 days. While taking the s ing les 
spectrum, an aluminium disc of 1 gm/ cm^ thickness was placed 
before ttie c ry s t a l to absorb be tas and to reduce the external 
brBiBsstrahlimg contr ibut ion to the gamma ray spectrum. From "Hie 
Imown reso lu t ion of the speetr(»Beter i t was found, t h a t the 
photopeaks a t 475,720 and 11©0 keV energy displayed half-widths 
more than the expected values for monoenergetic gamma rays of 
^^e same energ ies . Hence, i t was in fe r red , "tiiat each of these 
photopeaks was made up of more than one gamma ray , which was 
confirmed in the coincidence s t u d i e s . Photopeaks a t 1320 and 
152© keV energy show the presence of two new gamma rays which 
• Dept. of Atomic Energy, Govt, of Ind ia , Trombay, Bombay. 
were not observed in earlier studies* The broad peak at 180 keV 
is interpreted to be due to the back scattering from the 475 
and 720 keV gamma rays. The small hun^ ) around 245 keV is due 
to the presence of a gamma ray of 245 keV energy which was 
definitely established in the coincidence experiments. The 
small peak at 100 keV is probably due to the 106 keV isomeric 
transition. The photopeak at 27 keV is due to iodine K X-rays 
and 27 keV gamma ray found in earlier studies . Ttie low energy 
end of the spectrum taken with high amplification did not reveal 
any further details. 
After applying the usual corrections for absorbers 
between the source and the crystal and for the effective photo-
efficiency of the crystal, a rough estimate of the unconverted 
quantTmi intensities can be made from the data of fig. 1. Die 
intensities so obtained are given in table 1. 
Table 1 
Relative intensities of the unconverted gamma rays. Gamma rays 
bracketed together were resolved in the coincidence experiments. 
Gamma ray energy (keV) Relative intensity 
448] 31 
450^ 
475J 
6251 
693 > 49 720j 
10731 
llOOj 1.00 
1320 ^ 0.55 
1520 0.16 
. Ihe energy spectrum of co inc idence gamma r a y s wi th the g a t i n g 
channel f i xed on the 27 keV photopeak, 
( a ) Coincidences around 240 keV r e g i o n , 
(b) Coincidences around 400 t o 800 keV reg ion 
I r it 
( 2 a) 
- - S i n g l e s 
• Coincidences 
- 8 
- 7 
2^5 keV 
UJ 
_ i 
< 
o 
00 
h^ 
\ 
\ 
x^ 
A50 keV 
( 2 b) 
A75 keV 
720 keV 
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4 . Qamma-*gamma Coincidence Sxperiments 
The coincidence spectra have been examined with a 
20-channel s c i n t i l l a t i o n coincidence spectrometer using two 
Iden t i ca l 3 ,8 x 3 ,8 em Hal (Tl) cy l indr ica l c rys t a l s coupled 
t o Du Mont-6292 photOTrultipliers and DD2 type non-ov«'loading 
amplifiers^ Pulses from one of the counters are fed to a 
single-channel pulse-height analyser and to the coincidence 
c i r c u i t of resolving time of 0.15 / t s e c . The coincidence 
output i s used to gate the 20-channel analyser . The counters 
were placed a t 130° t o each other to reduce backscattering* 
Thick perspex d iscs were introduced in f ront of the counters 
for absorbing betas and conversion e l ec t rons . 
The spectrum of coincidence pulses observed with the 
gating channel s e t a t 27 keV i s shown in fig«.2, Al«»g with 
the 27 keV gamma ray however, there wi l l be some cont r ibut ion 
from the iodine K X-rays a r i s ing out of the in t e rna l conversion 
of gamma-rays. Since no conversion l i n e s were observed in the 
yft-r^ spec t ra^ ' for these gamma rays , i t i s assumed t h a t laie 
contr ibut ion due to iodine K X-rays i s n e g l i g i b l e . In f i g . 2 
c lear coincidence peaks a t 245,450 and 700 keV are seen. The 
s h i f t towards lower energies of the coincidence photopeaks 
from the 475 and 720 keV photopeaks in the s ingles spectrum i s 
of the order of 27 keV, So the 475 and 720 keV gamma rays 
could well be the cross-over t r an s i t i ons of the 450-27 keV 
and 693-27 keV cascades. This also confirms t h a t the photopeaks 
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a t 475 and 720 keV in taie s ingles spectrrim of f i g . 1 are eoit^osed 
of more taian one gamma ray* to check whether the peaks a t 475 
and 720 keV may be sole ly due to the summation of 450 < '^3^)-27(T^2^ 
and 693 ( -/.)-27< ^2^ ^®^ cascades, the coincidence peaks at 475 
6) 
and 720 keV were caloiated from the formula , 
PCX) 
where P e s ^^^ P^ ^ 1 ^ ®^ ® ^ ® areas under the coincidence 
photopeak and the photopeak in the fixed channel which i s s e t 
©n the V--ray; c and 6-, are the photopeak and t o t a l 
e f f i c i enc i e s ; J i s the f rac t ion of the V-^ - ray in coincideice 
with the Yg-ray; Xi i s the so l id angle 0.032; and ^^ i s the 
rand<M summing of two pulses which i s small and i s neglected 
he re . This correct ion was found to be small showing t h a t the 
475 and 720 keV gamma rays mainly cons i s t of the cross-over 
t r a n s i t i o n s of the above mentioned cascades. After taking i n to 
account the usual co r rec t ions , the r e l a t i v e i n t e n s i t i e s of the 
unconverted gamma rays of 245,450 and 693 keV are 1.0,2.6 and 2 .0 , 
r e spec t ive ly . 
The coincidence spectrum with the gating channel covering 
the fu l l 475 keV photopeak i s shown in f i g . 3 ( a ) . Coincidence 
peaks are observed a t 245,475,625 and 720 keV energy. The 
presence of a coincidence peak under i2ie 475 keY photopeak 
ind ica tes another gamma ray of comparable energy and in 
coincidence witti the 475 keV gamma ray . The coincidence 
45 
spectrum with the gating channel s e t only on the high energy 
end of the 475 keV photopeak i s shown in fig« 3 ( b ) . This 
s e t t i ng reduces the i n t e n s i t y of the 450 keV gamma ray "being 
recorded in the gating channel. The coincidence peak imder 
the 475 keV s ingles peak appears to be s l i g h t l y shi f ted towards 
the lower energy end, the s h i f t again being of the order of 
27 keV» Moreover, tSie i n t e n s i t i e s of these two coincidence 
peaks a t 475 and 720 keV are reduced r e l a t i v e to the i n t o i s i t y 
of the 625 keV coincidence peak. I t i s concluded from t h i s 
measurement ttiat a gamma ray of about 450 keV i s in coincidence 
with the 475 and 720 keV gamma r a y s . The r e l a t i v e i n t e n s i t i e s 
of the 245,450,625 and 693 keV gamma rays estimated from f ig .3 (b ) 
a f te r applying the usual correct ions are 1*00,0.13,0.25 and 0.16, 
r e spec t ive ly . 
The percentage contr ibut ions (x) of the 245,450 and 625 keY 
gamma rays (here denoted y*) to tJie i n t ens i t y of t3ie 475 keV 
gamma ray (denoted h e r e V ) are calcula ted from ttie formula , 
X = 
t e^ci') UC90) SI ccy^y< 
where SI is the solid angle 0.032; ecCvVis the photopeak 
efficiency; c( V) is the observed counting rate in the fixed 
channel after applying corrections for the Gompton contribution 
of the high energy gamma rays; P ( Y*) is the area under the 
photopeak of y* -ray observed in time t; and K is the correction 
factor for the external absorbers. Bie quantity oC( y*) is the 
conversion coefficient ©f Y«-ray and is neglected here, since 
F i g , 4 , Bie coincidoice spectnam with the gating channel s e t on the 720 keV 
photopeak. 
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the conversion was found to be small . W (90) i s the angular 
d i s t r i b u t i o n of the two coincid^at gamma rays obtained from the 
angiilar co r re l a t ion data* Thus the estimated percent cont r ibut ions 
from t^e 245,450 and 625 keV gamma rays t o the i n t ^ i s i t y of the 
475 keV gamma ray are i2»4, l«4 and 3 . 6 , r e spec t ive ly . 
The coincidence spectrum wiiai the gating channel s e t on 
the fu l l 720 keV photopeak i s shown in f ig«4. Coincidences were 
observed under 475 keV photopeak, thus confirming the presence 
of a gamma ray of energy ^450 keV in coincidence with the 
720 keV gamma ray . 
5 . Mgular Correla t ion Experiment 
The coincidences between the 245-475 keV cascade were 
recorded for 30 minutes a t each angle of the sequence 90^,135® 
and 180® between the cen t ra l axis of the de t ec to r s . The co inc i -
dences were normalized with respect t o the s ingles counting 
r a t e a t the 180° pos i t i on . The t rue- to-chsnce r a t i o was very 
high. The chance r a t e was subtracted by the random coincidence 
method. The l eas t - squa res f i t of the data was made to the 
equation W<©)a ^ K.^-^ ^^os 0 ) . To obtain the corrected values 
©f the Ajj coe f f i c i en t s , the normalised values of the AA were 
corrected for the f i n i t e angular reso lu t ion by the method due 
t o Rose°. The leas t - squares f i t curve to tiie observed data i s 
shown in f i g . 5 . The l e a s t squares f i t equation i s 
W(e)=l -0 .52 Pg (Cos 0) + 0.24 P4 (Cos 0) 
n 
F i g . 6 . Tile e n e r g y i e v e l s of I ^ ^ ^ . A l l t h e e n e r g i e s a r e g i v e n i n keV 
hn/2306 
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The observed anisotropy A is found to be 0*86 and is very high» 
Since the 45© keV gamma ray is found to be very weak in 
comparison to the 475 keV gamma ray, the observed angular 
correlation is thought to occur mainly between the gamma rays of 
the 245-475 keV cascade. The high value of the anisotropy 
indicates that both gamma rays are of mixed multipoles. Also 
the presence of the A4 coefficient indicates a spin assignment of 
> 5/2 for the 475 keV level. 
6« The Decay Scheme 
Combining all the data presented in the previous sections, 
a probable decay scheme is constructed and is shown in fig» 6. 
This decay scheme differs from that of Graves and Mitchell 'in 
the following points? The 475 keV gamma ray which was shown to 
be in coincidence with the 27 keV gamma ray now appears to be 
the cross-over transition of the 448-27 keV cascade. Hence, 
the energy of the second excited level becomes 475 keV instead 
of 5 ^ keV, Another gamma ray of 693 keV energy has been found 
to be in coincidence with the 27 keV gamma ray and thus, taie 
720 keV gamma ray now becomes the cross-over transition of "ttiis 
new cascade* Yet another cross-over transition of llOOkeV seems 
to occur. Evidence for this gamma ray comes from the measured 
half-width of the 1100 ke7 photopeak which is foimd to be more 
than the expected half-width from the known resolution ©f the 
spectrometer. This cross-over transition takes place across 
3) the 27-1Q73 keV cascade. Graves and Mitchell have established 
this cascade in their coincidence studies, however, the energy-
quoted by them for one of the cascade gamma ray is 1120 instead 
of 1073 keV. 
Ihe coincidence studies establish a new gamma ray of 
energy 625 keV, which is in coincidence with the 475 keV 
gamma ray. This 625 keV transition takes place between 1100 
and 475 keV energy levels. From the data of figs. 3 and 4, 
evidence is found for a gamma ray of energy 450 keV in 
coincidence with the 720 keV gamma ray. This cascade 
establishes a new level at energy 1170 keV, which was not 
3) • found earlier . Because of the small energy difference 
between the 1100 and 1170 keV levels, the beta branching 
3) 
feeding these levels could not have been separated. The 
ten percent beta branching can feed both of these levels. 
The two new high energy gamma rays of energies 1320 
and. 1520 keV perhaps occur in 41 day T e ^ through beta decay. 
The 1520 keV level is evidently not fed by the beta decay of 
72 min Te^^^, because Q A - between the ground levels of Te^^^ 
129 
and I is smaller than the gamma ray energy under consideration. 
The observed low intensities of the 1320 and 1520 keV gamma rays 
can be explained if the 32 percent beta branching"*^  from Te 
feeds both the levels at 1320 and 1520 keV also. In the & -
J. 
decay of T e ^ ^ to I^"^, l eve l s a t 1920,2000 and 2240 keV are 
fed from Te • From systemat ics , these l e v e l s appear t o be 
s imi lar to 1320 and 1520 keV leve ls in I -^ . Spin assignments 
9) 
of 11/2- and 13/2- have been proposed for 2000 and 2240 keY 
leve l s in I ^ ^ r e spec t ive ly . So the 1320 and 1520 ke7 l e v e l s 
129 in I could a lso have 11/2 - and 13/2 - sp ins , respect ive ly• 
The groimd s t a t e spin of 1^^ has been measared^^' to be 
11) 7 /2 . Life time measurements of the 27 keV level"^*' i nd i ca t e 
t h a t i t i s of the order of 15 m/tsec. I f the 27 keV l eve l i s 
assumed to be a s i n g l e - p a r t i c l e l eve l then, the measiired h a l f - l i f e 
of t h i s l eve l makes i t poss ib le for the 27 ke7 gamma ray to be 
a mixture of Ml and E2, but predominantly Ml, Thus the 27 keV 
l eve l could have a spin of 5 /2 . From 12ie angular co r r e l a t i on 
data a spin of > 5/2 i s indicated for the 475 keT l e v e l . 
In the ca lcu la t ions of Banerjee and Gupta^ tvo l e v e l s 
a t 466 and 471 keV with spins 6/2 and 3 /2 , r e spec t ive ly , are 
shown to occur. The leve l a t 475 keV could be one of these 
t heo re t i c a l l e v e l s . I t could not be the 471 keV l e v e l , because 
the calcula ted spin i s 3 /2 , whereas the measuranent shows t h a t 
i t has a spin of ^ 5 / 2 . I t could however be the 466 keV leve l 
which i s predic ted to have spin of 5 /2 , Aroand the measured 
leve l a t 720 ke7, three l e v e l s a t 713,746 and 76© keV with 
- R) 
spins of 11/2,13/2 and 11/2, r espec t ive ly , are p r ed i c t ed? ' This 
leve l could not have such a high spin because ttie beta branching 
t o t h i s l eve l from a d3/2 grotmd s t a t e of l e ^ ^ would then be 
3) highly forbidden?' This i s one source of disagreement with the 
ca lcu la t ions of . laner^ee and GuptaS Spins-for higher s t a t e s 
5) 
are no t ca lcula ted and thus comparison witti t2ie experiment 
could not be made* 
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B) DECAY OF Od^^^ (2.3d)'^ 
1. Introduction 
Earlier studies^'^^in the decay of Gd^ -'-^ <2.3d) have led 
to a tentative level scheme of In. Varma et al» have 
115 
assigned the spins and parities of the excited levels of In 
mainly from taie log ft values of the various beta branchings 
obtained from the gamma ray transition data. The present 
studies were undertaken to check some of these spins and 
parities by studying the angular correlations of cascade 
gamma rays, internal conversion coefficientsj, and shapes of 
the beta spectra. 
2. Coincidence studies 
The Cd-^ ^ (2.3d) isotope was produced by the thermal 
neutron irradiation of the (spectrographically standardised) 
pure cadmium metal in the 'Apsara Reactor*, Trombay. From 
115 time to time the 4.5 h isom^: of In was separated from 
cadmium by a hydroxide precipitation using Al as carrier. 
The singles pulse height distribution of gamma rays recorded 
in a 3.8 em x 3.8 cm Nal (Tl) crystal scintillation spectrometer 
is shown in fig. 7. After the separation of indiiam, the 
singles spectrum of Cd^^ gave evidence for the gamma rays 
f to be published in Nuclear Physics 44 (l963) 
t 
{) »v 
with the following energies 230, 262, 335 and 625 keV. By 
following the half life of the spectrum the 335 keV peak was 
attributed to the isomeric decay of In''--'-^  (4.5 h). In order 
to confirm the decay scheme proposed by Varma et al» the 
coincidences were recorded with two identical scintillation 
spectrometers in coincidence ( Z "Q-IS yctsec). While recording 
all the following coincidences, ttie counters were placed at 
60° to each other and about 0,6 cms thick perspex discs were 
introduced infront of the counters for absorbing betas and 
o 
conversion electrons, and a thick lead sheet (8 g/ cm.) was 
placed in between the counters to prevent the Gompton scattered 
high energy gamma rays escaping from one counter being detected 
in the other counter and to minimise the detection of the escape 
X-rays. 
As found in e a r l i e r studies^^ 230-262 KeV and 35-492 keV 
gamma rays were found to be in cascade. A r e l a t i v e est imate 
of the coincidences from the 265-262 keV cascade in the 230-262 keV 
coincidence spectrum was obtained by studying the asymmetry of 
the coincidence peak recorded with the fixed channel a t 260,275 
and 285 keV, and the other channel s l id ing around 230 keY, The 
In t ens i t y of the 265 keV gamma ray thus obtained was foimd 
t o be < 0.1 r e l a t i v e to tha t of the 230 keV gamma ray . The 
coincidence spectrum reproduced in f i g . 8 (please see the 
diagram facing page 4^ ) recorded with X-rays in the fixed 
channel and the 525 keV gamma ray in the va r i ab l e channel 
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confirmed t h a t the photopeak a t 525 keT i s a combined peak of 
492 keV and 528 keV gamma rays in the In t ens i ty r a t i o 2 2 J 4 3 , 
study of the s ingles spectrum aroimd the X-ray peak of Cd 
immediately a f te r separat ion of the 4«5 h# In"*"^  isomer gave 
evidence for the existence of a small peak a t 34.5 keV. This 
however was not observed in the s ingles spectrum taken before 
the separation of In probably due to the presence of heavy 
Compton background. For determining i t s exact^energy, . the , ^ ^ 
137 
ca l i b r a t i on was done with ttie help of 32 keV X-ray peak in Gs 
and with the 25 keV in t e rna l conversion X-ray peak of laie 
335 keV ganma ray in the decay of the chemically separated In 
isomer. From the s ingles spectrum and -/-/ coincidence measurements 
the i n t e n s i t i e s of the various gamma rays af ter applying the 
usual correct ions for various absorbers, e f fec t ive photopeak 
e f f ic ienc ies and escape of iodine X-rays are given in t ab le 1 
along with the values reported by Varma e t a l . The decay scheme 
proposed by Varma e t a l . i s reproduced in f i g . 9, 
fable I 
115 Gamma ray intensities following -toe decay of Gd <2.3d) 
Gamma ray Intensities of the gamma ray transitions 
energy (keV) present Varma et ^V 
measurements 
528 46 43 
492 18 22 
265 <0.1 0.3 
262 3,5 3.0 
230 1 1 
35 0.93 


3. The cCy. Measurements 
The coincidence spectrum obtained with 490 keV peak in 
the fixed channel and the other channel s l id ing around the 35 keV 
Y-ray peak and 25 keV X-ray peak i s reproduced in f i g .10 . By 
comparing the areas under the two peaks the value of ' ^^ i s 
obtained to be = 7.6 ± 0.8 af te r applying the usual correc t ions 
for absorption, escape peak i n t e n s i t i e s from the formula of 
Q\ 7) 
P. Axel and for the K-Shell flourescence y ie ld of In (0 .817) . 
The detec t ion eff iciency i s 100^ for both X- and V-rays. This 
value i s quite consis tent with an Ml assignment from the calc t i la t ions 
of Rose, who obtained <^j^(Ml)=8.1. 
The In (4 .5 h) isomer was separated from cadmium by 
a hydroxide p r e c i p i t a t i o n using Al as c a r r i e r and the p r e c i p i t a t e 
was thoroughly washed with d i s t i l l e d water to remove the adhering 
Hexa-amino cadmium sulphate so lu t ion . A source was made in a 
th in perspex rod and tiie spectrum was measured as shown in f i g . 1 1 . 
After taking the various correct ions in to considerat ion a value 
of 0.84 4; 0»9 was obtained for the K-conversion eoefficieaat. 
Comparison of t h i s value with the t heo re t i ca l ca lcu la t ions of 
9) Sliv and Band and with the e a r l i e r reported experimental values 
i s given in t ab le 2 . The present measurement shows tha t the 335 
keV t r a n s i t i o n i s a mixture of about 50^ each of M4 and E5 which 
i s further supported by K / ( L -f- M) value of 3.85 obtained by Varma 
5) 
e t al» in contradic t ion to the pure E5 assignment made by 
Es tu l in e t alf^^ 
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Table 2 
X ^  Measurements of the 335 keV gamma transition in the 
decay of 4.5 h In^'^ K 
Eef. 
X 
K 
Theoretical values 
of Sl iv and Band. 9) 
E5 M4 
©o69 ©.92 
E^er imenta l va lues . 
Present mts 5) Varma e t a l . Es tul in e t alV^^ 
0.84f0.09 0.83 0.70 
4 . Beta - Qamma Coincidences 
The s ingles be ta spectrum, as well as the/3->' coincidences 
were measured with a t h in anthracene c rys ta l s c i n t i l l a t i o n 
spectrometer. The reso lu t ion of the spectrometer for the i n t e r n a l 
conversion 625 keV elect ron peak of Cs was 17^. In a l l 12ie 
following observations the be ta soiirce was prepared on a g e l l a t i n 
free thin ce l lo tape (3mg/ cm ) fixed to a th in perspex d i s c . 
Each time the observations were taken af ter the separat ion of 
the 4 .5 h . In so as to reduce the background due to the 
in tense i n t e rna l conversion peak of 310 keV e l ec t rons . The 
beta source was kept r i g h t on the face of the c rys t a l with 
only 5 mg/cm^ of Al fo i l which serves as a l i g h t shie ld and 
l i g h t r e f l e c t o r . 
The Fermi-Kurie p l o t of the beta group in coincidence 
with the 528 keV gamma ray i s reproduced in f i g . 12 along with 
the p l o t of the experimental shape fac to r , which i s consis tent 
with a s t a t i s t i c a l d i s t r i b u t i o n . The spectrum has been corrected 
5 -
0 
r^-^  
'111 
\ \ 
580 keV 
<^ l = (W-1)+( W-W) 
200 AOO 600 
ENERGY (keV) 
800 
Eig . 13 . Conventional and/corrected F-K p lo t s of the be ta spectrum in 
I coincidence with the 262 ^eY gamma ray . J 
for the finite resolution of the spectrometer by the method 
11) dme to Palmer and L a s l e t t t Because of the l a rge thielsness 
of the source the low energy end of the spectrum is quite distorted. 
The spect ra l shape a t the high energy end i s qui te i n accordance 
5) 
With the selecticai ru l e s of AI = 0, 1 yes suggested by Yarma et el* 
The conventional F-K p lo t of the beta spectrum i n 
coincidence with the 262 keY photo peak i s reproduced in f i g , 13 
along witii t he spectrum corrected for the f i r s t forbidden unique 
shape fac tor X a(w - 1 ) + ( W Q - W ) ^ , The l a s t f ive points have been 
corrected for the f i n i t e reso lu t ion of the spectrometer. The 
spectra l shape a t the high energy end supports AI=2, yes unique 
forbidden type t r a n s i t i o n . But because of the poor s t a t i s t i c s , 
one cannot r u l e out the p o s s i b i l i t y of the allowed shape simply 
from the shape of the spectrum. However, as shown subsequently 
t h i s i s consis tent with the angular cor re la t ion measurements. 
5. Angular Correlation Measurements 
The 4 ,5 h isomer of In was separated in the usual 
manner and the source which was in the form of Hexa-amino 
cadmium sulphate was concentrated and the angular cor re la t ion 
measurements were performed with the source in a semi-solid 
s t a t e . The chance coincidences were subtracted by repeatedly 
t e s t i ng the coincidence c i r c u i t by the random coincidence method. 
A leas t - squares f i t of the data was made to the e ^ W(©) = ^ A *^ 
Pjj(cos 6 ) . The normalized A^* coeff ic ients were corrected for 
the f i n i t e angular reso lu t ion by ana ly t i ca l ly evaluating taie 
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2 13) 
( J J ^ / J Q ) by the method due t o Rose. 
The 35 - 492 keV co r re l a t ion : The coincidences were co l lec ted 
for t h i r t y minutes a t each angle of the sequence 90°—^ 135°——•ISO 
repeat ing them i n turn t o make the t o t a l time of observation a t 
each angle being e(3uai to foux hours . The s ingles counting r a t e 
was noted from time t o time and the observed coincidences were 
normalized to s ing les counting r a t e a t 180®, This method takes 
in to account the s l i g h t d r i f t in the counters and the decay of 
the source. The separat ion of indium was performed af te r each 
four hours . In the leas t - squares f i t of the curve reproduced 
in f i g .14 , the e r ro r s are the root mean square s t a t i s t i c a l e r r o r s . 
The l eas t - squa re f i t of the data af ter correct ing for the f i n i t e 
angular r e so lu t ion of the spectrometers gave 
W <©)= l.-r(0.lCHh0.03) Pg (cos 0) + (0.03+0.03) P4 (cos 0) 
The 230 - 262 keV cor re l a t ion : The procedure adopted in these 
measurements i s exactly s imilar to t ha t mentioned previously . The 
coincidence counts were normalized for s ingles coixnting r a t e 
a t 180°« jChe leas t - squares f i t of the curve i s given in f i g , 15 , 
The leas t - squares f i t of the data af ter correct ing f^ or , the_f in i te 
angular reso lu t ion of the spectrometers gave: ^ U L vJ-' 
W (e)« 1—<0.38£0.O3) Pg (cos 0) + (0.05JP.04) P4 (cos 0)'^ 
6. Discussion and Results 
From -fee shell model the groimd state spin and parity ©f 
115 
In^* is expected to be Ig 9/2 which is consistent with the measured 49 06 
w 
spin value of 9/23"^ ' 3!he isomeric transition is known to be 
a mixture of M4 and E5 which allows a pi assignment for the 
4,5 h isomeric state. Again from the shell model the ground 
state spin and parity of Cd"^ ®^ (67 neutrons) is d 3/2 or s^. 
The ground state assignments of -^  1/2 for Cd and g 9/2 for 
In-^^ are quite consistent since no beta branching was observed 
between these two states which will be a Al = 4 and "A 1=4 
forbidden transition. The assignment of d 3/2 is not likely 
for the Gd"^ "''^ ground state since it would lead to a second 
forbidden transition, contrary to observations. 
The log ft values of the various beta biranchings 
calciliated from the intensities of the gamma ray transitions 
are given in table 3 together with the earlier measurements. 
Table 3 
Log ft values obtained from the gamma ray transitions. 
Act iv i ty End po in t 
energy 
<MeV) 
Percentage 
of d i s in te -
grat ions • 
Log f t 
•" •"•^3 resent 
measure-
ments. 
Varma =% 
et air-
Nature of tran-
si t ion 
115 
Gd 
(2.3d) 
• ' " i * " 
1.11 
0.86 
0.63 
0.69 
61.6 
1.4 
10.0 
27.0 
7 .1 
8o4 
7 . 0 
5 .9 
7 .1 
8 .3 
6 , 8 
6 ,5 
«•» 
AI = 2 , yes 
-
AI » 0, 1 yes 
From -Hie log f t value and observed allowed shape of the be ta 
spectrxuB from Gd?-^^ to the 862 keV l e v e l , the be ta t r a n s i t i o n 
involved should be f i r s t forbidden with i^I=0,l yes from which 
one may assign 1/2" or 3/2- for t h i s l e v e l . The 630 keV" beta 
branching also seems to be ^1=0, 1 yes type from the log f t 
value of 7*0 which again allows 1/2- or 3 /2- assignments to 
the level a t 827 keT. Out of these p o s s i b i l i t i e s the assignment 
of 1/2- may be ruled out s ince t h i s would lead to the angular 
symmetry case in the 35-493 keV" angular co r r e l a t i on . From the 
log f t value of 8.4 and the shape of the beta spectrum leading 
to the 597 ke7 l e v e l , 5/2 - assignment i s qui te cons is tent 
for t h i s s t a t e . Under these conditions the poss ib le spins and 
m u l t i p o l a r i t i e s of the various gamma rays in the 35-492 keV 
and 230-262 keV cascades leading t o the ground s t a t e are as 
given belifw: 
35-492 keVs 3/2 (-) Ml (E2)^ 3/2 ( - ) M1<E2)^  1/2 <-) 
1/2 (-) Ml (E2:^ 3/2 <-) M1(E2)^  1/2 <-) 
230-262 keV: 3/2 (-) Ml (E2) 5/2 (-) E2<M3)^  1/2 <-) 
Dhe measured values of A2 «= -O.lQ jH 0.03, A4 = 0 . 0 3 + 0 . 0 3 
for ttie 35 - 492 keV cascade, and A2 « -0 .38 ± 0.03 
A4 = 0.05 ± 0.04, for the 230 - 262 keV cascade are not 
compatible with any of the following pure t r a n s i t i o n s ; 
35-492 keV: 3/2 <-) Ml pure^ 3/2 (-) Ml pur^ X/2<-);A2=0.20,A4=0 
1/2 (-) Ml pure^ 3/2 <-) Ml pur^ l/2<-);A2=0.20,A4s=0 
230-262 keV; 3/2 <-) E2 pure., 5/2 <-) E2 pure 1/2(-);A2-0.0535,A4=( 
60 
The values of the F Goefficients were obtained from the tables 
15) 
of Ferentz and Rosen25weig. However, assiaming 36 keV to be a 
pure Ml, we get Q2= P^u^ = 0.14 or 0.97 for the 492 keV gamma 
ray , \rtien we analyse the data by the graphical method due to 
•t g \ 
Arns and Miedenbeck for the spin assignments of 1/2-, 3 /2-
and 1/2- for the 862, 827 and 335 KeV l eve l s r e s p e c t i v ^ y . 
A similar analysis of the angular cor re la t ion data of 
«ie 230-262 keV caseade with the spin assignments of 3 / 2 - , 5 / 2 -
and 1/2- gave the following r e s u l t s . 
I f 262 keV gamma ray i s assumed t o be pure E2, then the 
A4 coeff ic ient turn out to be negat ive , which i s incons i s ten t 
with the measured va lue . On the other hand a small admixture 
of M3 (say ^ , ^ 8^ obtained by the ana ly t ica l method) i s 
a2 + M3 
suf f ic ien t to-account for the small pos i t i ve value of the 
observed A4 along with the observed value of A2. 
The present s tudies seem to give almost xmique spin 
assignments for the 335, 597 and 827 keV leve l s as 1/2-
5/2- and 3/2 - r e spec t ive ly . The leve l a t 862 ke¥, may 
however have e i t he r 1/2- or 3 / 2 - . The 520 keV level^observed 
by Davis e t a l . ^ i n the Coulomb exc i ta t ion of In-'"'^ does not 
115 ^^ "^ 1 ~ 
seem to have been excited from the decay of Gd. ^-^ ^ J 
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0) EADIOAGTIVE DECAY OF Ce^ '^ ^ (33 h)t 
n 
1. Introduction 
The d e c ^ of Ce^ (33 h) has been studied by various 
- ^ > g ^ 
authors • Recently Martin e t a l i have reported the 
existence of ten gamma rays and they have also suggested a 
143 »^ f • 
t en t a t i ve level scheme of Pr* , with some doubts about the '^ 
assignment of spins end p a r i t i e s to the various excited s t a t e s 
The present study was undertaken in order to obtain more 
information about the l eve l s from the angular co r re l a t ion data 
and in t e rna l conversion coef f ic ien t measurements. 
2 , Gamma Ray In tens i ty Measurements 
Ge was prepared by the thermal neutron i r r a d i a t i o n of 
spectrographical ly standardised 99,©^ pure cerium oxide in the 
swimming pool r eac to r , Tranbay, F ig , 16. shows the pulse-height 
d i s t r i b u t i o n of gamma rays detected by a Hal (Tl) c rys ta l 
(3 .8 cm X 3.8 cm) coupled to a Du Mont-6292 photomul t ip l ier . 
From the graph, evidence i s seen for the existence of gamma rays 
of energies 56, 140, 230, 293, 341, 425, 488, 665, 718, 870 and 
1087 keV, By following i t s decay, the peak a t 140 keV was 
a t t r i bu t ed to the decay of Ge^^^ (33 d ) . The peak a t 425 ke7 
was in te rp re ted to be due to the Compton edge of 665 keV and 
718 keV gamma rays by studying i t s r e l a t i v e a t tenuat ion with 
s e v ^ a l absorbers of varying thickness before the counter, and 
t Published in Nuclear Physics 41 (1963) 511 
also by studying the intensities of the singles spectnaia at 
different source positions fran the crystal. All the peaks 
are separated from the Gompton background as shown in 
fig. 16. and their relative intensities are calculated by 
taking their corresponding effective photo peak efficiencies. 
The values of the intensities thus obtained were corrected 
for the following factors; l) the relative absorption in the 
Al and Al ^ 0. housing around the crystal and in the 0»6 cm 
^ 3 
thick perspex disc introduced in front of the crystal for 
absorbing beta rays and internal conversion electrons, 2) the 
relative escape peak intensities for the medium geometry case, 
7) 
3) the total internal conversion coefficients obtained with 
the help of the present data of K-internal conversion coefficients, 
4) the source decay during observation. The separation of the 
56 keV peak from the heavy Gompton background may introduce an 
error of f; 20% at most in the case of the 56 keV gamma ray 
intensity. The relative unconverted gamma ray intensities 
together with the values of the relative intensities of the 
various gamma ray transitions after applying the above mentioned 
corrections are given in table 1. 
Table 1 
Unconverted gamma ray in tens i t ies and re la t ive in tens i t ies 
of some gamma ray transitions. 
Gamma-ray 
^ l e rgy <keV) 
56 
230 
293 
341 
488 
566 
666 
718 
870 
1087 
Unconverted gamma 
ray i n t e n s i t i e s 
0.22 
0.067 
1.000 
0.069 
0.062 
(very weak) 
0.14 
0.17 
0.018 
0.013 
I n t e n s i t i e s of ti ie 
gamma ray t r a n s i t i o n s 
1^80 
0.069 
1.000 
0.065 
0.058 
(very weak) 
0.13 
0.16 
0.017 
0.013 
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3 . "Ehe -^jj- Measiirements 
The V-V coincidences were recorded with the help of two 
i den t i c a l (3 .8 em x 3»8 cm Nal (11) c r y s t a l ) s c i n t i l l a t i o n 
spectrometers in coincidence (resolving t ime=0.15/*sec). 
Various V-V coincidence measurements have confirmed the decay 
6) 
scheme proposed by Martin e t al» reproduced in f i g , 17. The 
y-ray of 56 keV was found to be in coincidence with 35 keV 
X-rays and gamma rays of 293, 665, 87Q and 1087 keV. The 
V-V coincidences gave evidence a lso for the exis tence of a 
very weak gamma ray of about 565 keV energy. For the determination 
of the K-conversion coeff ic ient of the 56 ke? gamma ray the 
coincidences were recorded between 293 ke? in ttie fixed channel 
and the X-ray peek and ihe 56 keV peak in the va r i ab l e channel 
which are shown in f i g . 18. The ntuaber of coincidence counts 
between the X-rays and the Gompton sca t te red gamma rays of 488 
and 341 keV detected along with the 293 ke¥ gamma ray i s 
neg l ig ib le s ince both gamma rays are very weak, and ne i the r of 
o 
them are highly converted. The coxmters were placed a t 60 with 
respect to each other and ;=^0»6 em thick perspex discs were 
introduced in front of the counters to absorb betas and conversion 
e lec t rons , and a lead sheet (10 gm/cm ) was placed between the 
counters to reduce the spurious coincidences due t o s ca t t e r i ng 
and to prevent the detec t ion of escape X-rays in the va r i ab le 
channel a f te r escaping from the counter in the fixed channel, 
A ccmparison of the areas \mder the 35 keV X-ray peak and 56 keV 
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fi 
photo peak in the coincidence spectrum d i r ec t l y gives the 
K-conversion coeff ic ient af ter taking the following fac tors 
i n to account: l ) the r e l a t i v e absorption due to the Al and 
Al Oghousing around the c rys t a l and the external perspex 
d i s c , 2) the fluorescence yield®^ of Pr (©•898) in the 
K-shell and 3) the escape peak cor rec t ions . The detec t ion 
efficiency i s 100^ for both X-rays and V- rays . 1!he escape 
9) 
peak i n t e n s i t y was calculated from the formula of P. Axel 
taking ISie geometry of our experimental s e t mp in to considerat ion. 
The f ina l value of X^ obtained i s 6.4 ^ 0.6 which i s cons i s t en t 
With the assignments of e i the r Ml ( <C/j^ *5.7) or E2 (aCj^=6,0) or 
10) 
a mixture of them, from the ca lcu la t ions of Rose • 
For obtaining the K-conversion coeff ic ient of the 293 keV 
y - r a y , the coincidences were recorded as shown in f i g . 19 
with the fixed channel kept a t the peak of 56 keV so -ttiat 
p r a c t i c a l l y there wi l l not be any contr ibut ion from X-rays. 
Thick perspex d iscs 0.6 cm in thickness were put in f ront of 
both the counters for absorbing b e t a s . Besides the cor rec t ions 
mentioned i n , t h e previous case the va r i a t i on in ef fec t ive photo 
peak efficiency of the c rys t a l for the gamma rays imder 
considerat ion i s a lso taken i n to account. The X-ray and 
665, 870, and 1087 keV CJompton coincidences may introduce a 
maximum er ror of +5^ in the value of oC . The f ina l value 
of «C obtained i s O.O?'*"^'^?! which shows laiat the 293 keV &. ?-0.P12 
gamma ray i s predominantly Ml in character with a small admixture 
of E2. 
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In a s imi lar way, the coincidence spectrum was obtained 
by keeping the 488 keV gamma ray in the fixed channel and the 
s l id ing channel around the X-ray peak and 230 keV photopeak 
as shown i n f i g ,20 . Along with 488 keV, however, there w i l l 
be some counts due to Gompton sca t t e r ing of 665, 870 and 1087 keV 
gamma rays which in turn are in coincidence with the highly 
converted 56 keV gamma ray as well as with i t s X-rays a r i s ing 
from i t s conversion. Knowing the coincidences with the 56 keV 
T^-ray and the <L of the 56 keV V-ray, the above cont r ibut ion 
i s determined and subt rac ted . The value of <^g-thus obtained for 
the 230 keV gamma ray af ter applying the various correc t ions 
previously mentioned i s 0.12 ^ 0.02 which i s compatible with 
an assignment of Ml ( «C sQ.!) or E2 < <^^=0.l) or an ^a-E2 
7) 
mixture from the ca lcu la t ions of Sl iv and Band , 
4 . Angular Correlat ion Measurements 
The source which was in the form of cerous chloride in 
d i l u t e hydrochloric acid i s further d i lu ted and taken i n the 
source holder which was a th in perspex rod with a hole of 0.2 cm 
diameter and about 0.4 cm in length and allowed to dry under a 
heat ing lamp. This process was repeated many times and""the 
experiment was performed when the source was in a semi-l iqaid 
form. The source was mounted a t 7 cm from the cent ra l axes 
of the two c r y s t a l s . The coincidences between 293 and 56 keV 
gamma rs^rs were recorded for 5 minutes a t each angle in the 
sequence 90®,135® and 180® between the cen t ra l axes of tiie 
W ( G ) 
90° 
ANGULAR 
CASCADE 
13 5< 
e 
CORRELATION 
IN THE DECAY 
FUNCTION 
OF Ce1^3 
Fig.21 
180* 
OF THE 
(33h). 
293-56keV 
6 
de t ec to r s . The t rue- to-chance r a t i o was very high* The 
chance coincidences were subtracted by repeatedly t e s t i ng 
the coincidence c i r c i i i t by the random coincidence method. 
The l eas t - squares f i t of the data was made to the equation 
W (0) « VZ A'P, (cos 9 ) . To obtain the corrected values of 
k k k 
the A^ coe f f i c i en t s , the normalized values of A» were 
corrected for the f i n i t e angular reso lu t ion of the counters by 
2 
ana ly t i ca l ly computing the r a t i o <J£ /J©) by the method due 
to E o s e ^ ' The cor re la t ion was probably not at tenuated due to 
extranuctear f i e l d s since the experiment was performed when 
the source was in the form of so lu t ion in an acid medium. In 
ttie l eas t - squares f i t of the curve shown in f i g , 2 i , the root 
mean square e r ro r s are shown. The l eas t - squares f i t of the 
data gave 
W(@) = 1 -f- (Q,132 + 0.019) PgCcos ©) -f (0.008 + 0*02)p4(cos 0) 
5 . Discussion and Resul ts 
From the s ing le p a r t i c l e model the ground s t a t e of 
'Jid^t^ should be e i the r h 9/2 or f 7 /2 . The fac t t h a t 7/2 was 
observed both from paramagnetic resonance methods and a l so 
13) from atc«nic spectroscopy allows us to accept f 7/2 for the 
ground s t a t e of Kd"^  • From the shape and log f t value of 
the observed beta spectra from Pr to Nd"'-'*^ , 5/2 4- may be 
143 
assigned for the ground s t a t e pf Pr which i s qui te cons i s ten t 
with the she l l model predic t ions of g 7/2 or d 5 /2 . Again from 
143 the she l l model the ground s t a t e of Ce should be f 7/2 or 
h 9/2. The p o s s i b i l i t y of f 7/2 i s not l i k e l y since no be ta 
1} 
143 branching was observed frcm Ce to the ground s t a t e of 
143 Pr • On the other hand h 9/2 eould be accepted because 
of the non-observance of the be ta branching which w i l l be 
A^« 3 , forbidden in t h i s case . 
Both Ml or E2 assignments are qui te cons is ten t with 
the observed ^j^=6.4 jh 0*6 for the 56 keV gamma ray . But 
6) "" 
Martin et al. have assigned a predominantly Ml character 
because of the predominance of the Li subshell line, and the 
lack of an observable Ljj conversion line, !I!he first excited 
state in Pr should therefore be either 5/2 + or 7/2 +• 
Spin 7/2 -f is consistent with the observed"'shape of the beta 
spectrum from Ce"^^^ to the 66 keV level of Pr^"*^. 5/2+ may 
be ruled out because, it will lead to no beta branching to 
this state due to its ^ forbidden nature. 
The predominantly Ml character of 293 keV transition 
allows us to assign 9/2+ or 7/2+ to the second excited state 
of Pr^^. The K/L ratio (6.1+0.6) measured by Martin et al?^ 
also support this contention, if their value is interpreted 
7) 
wi-tti the ca lcu la t ions of Sl iv and Band. Under these 
conditions only the following a l t e r n a t i v e spins and 
m u l t i p o l a r i t i e s are acceptable for the second, f i r s t and 
143 
ground s t a t e s in Pr J 
9/2(+) » 7/2(+) ^/2<+), 7/2<+) ^ 7/2<+) ^/2<+) 
The observed values of the A2 and A4 coefficients 

CA2«+©*132 + 0.019 and A^ =-^0,008 + 0.02) are not compatible 
wi13i any of the following sequences:-
11/2 E2 pur^ 7/2 Ml pmr^ 5/2 
^/2 E2 Piar^ 7/2 Ml pur^ 5/2 
9/2 Ml ptar^ 7/2 Ml pure 5/2 
7/2 Ml piar^ 7/2 Ml pure 5/2 
Ag = - 0.0726 
A2 » + 0.0980 
Ag = + 0.0500 
A2 = - 0.1439 
A4 = 0.0 
A4 « 0.0 
A4 B 0.0 
33ie values of the F e o e f f i c i « i t s were obtained from .the. 
14) t ab les of Feroatz and Rosenzweig ; The small ©r non-exis tent 
A4 coef f ic ien t shows t h a t a t l e a s t one of the gamma rays should 
be e i the r a pure dipole in character or predominantly dipole 
wiiai a very small admixture of quadrupole t r a n s i t i o n . 
For obtaining the mixing r a t i o s of the gamma rays , the 
angular co r r e l a t ion data were analysed by the graphical method 
15? due t o Arns and Wiedenbeck 9 as shown i n f i g . 22 . 
Accepting the 56 keV Y - ray to be a pure Ml t r a n s i t i o n we 
have three choices for the spins sequence 
a) 7/2 4- 26^ Ml 'f 74^ E3 7/S + Ml pure 5/2 + , 
1^ ) 9/2 + 97^ Ml ••• 3jS B2,^  7/2 + Ml pur^ 5/2 4 , 
e) 11/2 + 25^ M3: 75^ E2 7/2 -^ Ml pur^ 5/2 ^ , 
The p o s s i b i l i t y (e) may be ruled out because i t w i l l 
give a K-conversion coefficient^^^ '^g=0»670 , which i s 
incompatible with iaie measured value of -^ TT =» 0.07 ^ • ^ ^ for 
& -0.012 
the 293 keV gamma ray. The choice (a) also se©a to contradict 
the K/L measurements of Martin et al. and the present 
^measurements for the 293 keV gamma ray leaving us choiceCb). 
"/? 
Even i f a small pe rcen tage (up to 5%) of E2 i s accepted fo r 
t h e 56 keV t r a n s i t i o n the above argtiments s t i l l ho ld good 
l e a v i n g us wi th only one p o s s i b l e sequence 9/2 + — * 7 / 2 ••*•—>5/2 
The v a l u e of the ampli tude mixing r a t i o 5 i s = - 0 .031• 
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D) THE K-CONVERSION COEFFICIENT OF THE 145 keV TRANSITION IN Vx'^H 
Ge^^^ (33d) decays by beta emission exciting the 145 ke? level 
141 
in Pr v;hich further decays through 145 keV gamma ray t r a n s i t i o n 
to ttie ground s t a t e . The K-internal conversion coeff ic ien t of the 
1-7) 
145 keV t r a n s i t i o n has been reported by various authors . These 
Values, which were obtained with d i f fe ren t techniques are d i f fer ing 
iHuch more in value than those expected from t h e i r experimental e r r o r s . 
The present experiment was undertaken with the view of improving on 
the e a r l i e r measiirements and to compare with the t heo re t i ca l 
ca lcu la t ions of Sliv and Band, who have taken the f i n i t e nuclear 
s ize ef fec ts a lso in to considerat ion. 
The Ge (33d) isotope was obtained by the thermal neutron 
i r r a d i a t i o n of the «spec pure5> cerium oxide in the "Apsara Reactor", 
Trombay. The source was allowed to decay for about 30 h a l f l i v e s of 
Gel^(33h) so tha t i t i s almost free from Ce-^^^ a c t i v i t y . The 
fu l l spectrum was measured by making a point source in a th in 
perspex rod and keeping i t a t the c a i t r a l axis of the 3.8cm x3,8cm 
Nal (Tl) c rys ta l coupled to a DuMont-6292 photomult ipl ier and i s 
shown in f i g . 23 , The r a t i o of the areas imder the X-ray peak and 
the photopeak of the 145 keV gamma ray d i r e c t l y gives the ilrr va lue , 
a f te r taking account of the following cor rec t ions : l ) the r a t i o 
of the X-ray escape peak in t ens i ty to tha t of the ^-r&y escape peak 
i n t e n s i t y ^ \ 2) the v a r i a t i o n in effect ive photo-efficiency of the 
c rys t a l for both X-and V-rays, 3) the fluorescence yield^^ of the 
K-X-ray of Pr(048§8), 4) the i r r e l a t i v e a t tenuat ion in the external 
absorbers placed for absorbing betas and conversion e lec t rons and . 
i n -ttie Al housing aroimd the c r y s t a l . The small peak around 
100 keV was fo-und to decay with the same h a l f l i f e as tha t of 
Ge-^^^. From the known reso lu t ion of ttie spectrometer a t 100 ke?, 
t h i s peak looks broad to be assigned as due to the presence of a 
mono-energetic gamma ray . By studying i t s r e l a t i v e a t tenuat ion 
with several absorbers between the source and the c r y s t a l , i t i s 
in te rp re ted to be due to the Coii5)ton edge and escape peak of the 
145 keV gamma ray . The value of <C^  obtained af te r applying the 
various correc t ions i s 0.38 + 0.04, This i s in be t t e r agreement 
with the theo re t i ca l ca lcu la t ions of Sliv and Band**-^ ' who 
obtains <^ -g-(Ml) = 0.39 and <tj^ <E2) =0.37, than the e a r l i e r reported 
va lues . From these ca l cu la t ions , tfche present measurement i s 
compatible with e i ther pure Ml or' pure E2 assignments. In order 
to decide between the two, the following data were considered. 
Comparison of the observed K/L r a t i o = 6 . 6 ^ » ' ' with the t heo re t i ca l 
ca lcula t ions of Sliv and Band"^^' show t h a t t h i s i s a pure Ml 
t r a n s i t i o n within the experimental e r r o r s . The non-exci ta t ion 
of the 145 keV leve l by the Coulomb excitation-'--^' and the 
conclusions of Ambler e t a l . and Cacho e t al5-^' from t h e i r 
experiments with aligned nuc le i along with iaie h a l f l i f e measurement 
of the 145 keV leve l by De Waard e t a l . fur ther support the 
above assignment. 
, 0 ?3 
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E) TOTAL INTERNAL CONVERSION COEFFICIENT OF THE 840 keV 
TRANSITION IN Cr^ '*. 
The Mn^^ (290d) isotope decays by electron capture exciting 
the 840 keV level in Cr^^, which further decays by 840 keV gamma 
transition to its groimd state. The energy of this gamma ray was 
1-4) 
very accurately meastired by many investigators, but the 
internal conversion coefficient or the K/I* ratio have not been 
reported so far. An attempt has been made to determine the 
to ta l internal conversion coefficient with the help of 
54 
scintillation spectrometers. A thin strong source of Mn 
(procured from the U.K. Atomic Energy Establishment, Harwell) 
was prepared on a gellatin free thin cello tape (3 mg/cm^). The 
source which was in the form of Mnclg in dilute hydrochloric 
acid was diluted further and allowed to dry on the cello tape 
fixed to a thin perspex disc (2Gm diameter). The complete gamma 
ray spectrum was measured for the various source to the crystal 
distances one of which is reproduced in fig. 24. The absolute 
intensity of the gamma ray was calculated with the help of the 
5) 
solid angle formula for an extended source given by Burtt, and 
from the effective photopeak efficiencies obtained with the 
help of monoenergetic gamma sources. The mean absolute value 
of the gamma ray intensity for all the source to the crystal 
distances was determined. Since an extended gamma source was 
used the average distance <d>was obtained by actually measuring 
the length of a steel wire, through a wax cylinder of the size 
of the crystal in three dimensions. 
_ ? 
The beta spectnim was studied with a th in anthracene 
c rys ta l (3mm thickness) coupled to a DuMont-6292 photomul t ip l ier . 
The reso lu t ion of the spectrometer for 625 keV conversion 
electron peak of Gs^"^ was ^ 17^. The c rys ta l was j u s t thick 
enough to stop a l l the 834 keV conversion e lectrons of Cr^*, 
In order to get the conversion e lect ron peak, the source was 
placed j u s t inf ront of the c rys ta l and the combined peak due to 
e lec t rons along with gamma background was recorded. Under the 
same conditions a thick perspex disc ( ^3mm in ttiickness) was 
introduced between the source and the c rys ta l for absorbing a l l 
the e lec t rons , and the fu l l spectrum was recorded again. The 
difference between these two se ts d i r ec t l y gave the peak due to 
conversion e lect rons which i s shown in f i g . 25 . Knowing the 
5) 
solid angle for an extended source from Burtt's formula and 
taking the eff iciency of the c rys ta l for the e lect rons to be 
un i ty , the absolute i n t e n s i t y of the conversion e lect rons was 
ca lcula ted , which was corrected for the backscat ter ing in the 
source and the source holder®' . Because of the high energy 
mono-energetic e lec t rons involved in t h i s meastirement, the e r ror 
due to the escape of the sca t t e red e lectrons from the surface of 
the c rys ta l i s too small • The value of '^ t o t a l *^^^ obtained 
i s 2.0 ± 0.5 X 10"'^. This i s quite in favour of assigning an 12 
raultipolarity to the 840 keV gamma t r ans i t i on and 2'f assignment 
for the f i r s t excited s t a t e in Cr^^ from the t heo re t i ca l 
ca lcu la t ions of Rose^^ who obtained '^•tolal" ^ '^^ ^ 10'^» 
n (^ 
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F) GROUND STATE SPIN OF Prl'*^ 
1. Introduction 
The decay of Ce-^^*—> P r ^ ^ has been recent ly inves t iga ted 
"by various authors • So f a r , no d i r e c t measurements have been 
144 performed on taie spin of the ground s t a t e of Pr • But the 
indirect evidence from </i-/) angular correlation studies, the 
beta decay selection rules'^ '® from Pr^^-^Nd^'*^ and the 
nuclear alignment studies favoured the assignments of zero 
spin and negative parity for its ground state. The spin 
assignment of 1, which could be accoiinted from the single 
7 ) 
p a r t i c l e she l l model has been discussed by Geiger e t a l i as an 
a l t e rna t e p o s s i b i l i t y for i t s ground s t a t e . But the gamma 
t r a ns i t i on p r o b a b i l i t i e s and beta ray se lec t ion ru les in the 
decay of Ge-^^ to Pr-^^ studied by Geiger e t a l l ^ seem to 
favour the 0-assignment, Recently Lobashov e t a l . ; from t h e i r 
co r re la t ion s tudies of the /b-electron and c i rcu la r po la r i za t ion 
of the gamma quantum have preferred 1- assignment over the 
0- for i t s groimd s t a t e . The present ( V-y ) angTilar co r r e l a t ion 
study was undertaken with the view of obtaining further 
144 information about the ground s t a t e spin of Pr • 
2 . Source Preparat ion 
The source which was in the form of Ceelg in Hcl aeid 
(concentration 12.3&J;10^ mc/ml) was obtained from the Oak 
Ridge National Laboratory. The Ge-^ -^^  content was << 1^ of Ge 
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The source was further diluted and the source was made in a 
thick perspex rod, the thickness of which was sufficient to 
absorb all betas and conversion electrons of Ce and Pr-^  , 
3, Angular Correlation Studies 
The coincidence spectrum recorded with the fixed channel 
on the 80 keV photopeak and the other channel around the 
Pr K-X-ray and the 53 keV gamma ray is shown in fig. 26, The 
two coincidence peaks were separated as shown. For the 
angtilar correlation studies one of the channels was fixed at 
14 7 base line with a channel width of 2 volts so that there 
is practically no contribution from the Pr K-X-ray and the 
80 keV gamma ray coincidences. The source was mounted at 
10cm from the central axes of the detectors and the spatial 
correlation study was performed in a coincidence counter 
arrangement of half-angle 90* The coincidences were recorded 
for five minutes at each angle of the sequence 90°,130° and 180° 
between the central axes of the detectors. The least-squares 
fit of the data was made to the e(pi.W(e)= H Aj?P^<cose), " 
which gave 
W(e) = l+-<0.0ll0.06)P2<eos©)+(0.02f0,06)P4<GOs0) 
^j . -•• 
4 . Discussion and Results 
The level scheme of Pr^'*^ proposed by Geiger e t al5^ 
i s shown in f i g . 27. The present angular co r re l a t ion s tud ies 
* The co r re l a t ion would not have been much attenuated due t o 
extra-nuclear f i e l d s , s ince the measured h a l f l i f e of the 80 keV 
leve l i s quite small (1 .8 -f 0.2 x 10" 1^ sec , Burde e t a l . , 
Phys. Rev« 128 <1962) 325)~ 
p) 
gave the following r e s u l t s : 
i ) The A^ coeff ic ient wi l l be zero only when e i the r both the 
gamma rays are pure dipoles (or predominantly dipole with 
almost neg l ig ib l e mixtures of quadrupoles) or when the spin 
of the middle l eve l i s < 2 , These two r e s u l t s are obtained 
from the t r i angu la r conditions of the 'F* coe f f i c i en t s . Both 
these assignments support the r e s u l t s of Geiger e t al« 
i i ) The Ag coeff ic ient can be zero when the middle level has 
a spin <lo But t h i s assignment i s not allowed from considerat ions 
of the other data^ . Accepting the assignments^^ of 1 - for 
both the 133.53 and 80.12 keV l e v e l s , we are l e f t with two 
a l t e r n a t e p o s s i b i l i t i e s of 0 - or 1 - for the ground s t a t e of 
Pr-^ • Since the 53 keV gamma ray i s pure M1^HB2 ad- mixture 
<0.2^) the FgCjj* LL' K) coeff ic ient for t h i s gamma ray i s 
=- 0.354* The assignment of 0- for the ground s t a t e i s not 
acceptable since the F2 coeff ic ient for the 80 keV gamma ray 
Fg <10112)« + 0.707, which wi l l give a value of - 0.25 for the 
A2 coeff ic ient contradict ing the experimental value of i^ zero . 
The E2 t r a n s i t i o n between 1 - and 0 - l eve ls i s forbidden 
because of the gamma se lec t ion r u l e s . This discussion seoa 
to ru leout the p o s s i b i l i t y of 0 spin assignment for i t s ground 
s t a t e . 
On the other hand, i f we analyse the data by the graphical 
method due to Ams and Wiedenbeck-^-^' i t i s poss ible to account 
the zero Ao coeff ic ien t i f the 80 keV gamma ray contains ' 
8 
an E2 admixture of ^ 4^ as shown in fig. 28 for the spin 
144 
assignment of 1 for the ground state of Pr • 
jQie present angular correlation study seem to support 
144 
t h e sp in assignment of 1 fo r the ground s t a t e of Pr over 
t h e p r e v i o u s l y accepted va lue of z e r o . 
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G) LEVEL SCHEME OF Sm^^^ 
1• Introduc ti on 
Early work-*""^^ on the decay of Pm-^ ^^  showed tha t i t 
decays by beta emission with a h a l f l i f e of about 54h exci t ing 
the leve ls a t 0.285 and l.SMeV in Sm*^^ .^ The l a t e s t value of 
i t s h a l f l i f e i s 53h obtained by Bxmney e t a l . Schmid and Burson-*-^^ 
have studied the be ta decay of Prn-^ * and obtained the be ta decay 
branchings. Ihey reported the Sm^^^ l eve l s a t 285, 582, 833 
and 850 keV; and the gamma ray t r a n s i t i o n s with 285,582,548 , 
and 850 keV energies . Recent s tudies by Harmatz e t a l . in the 
electron capture decay of Eu^^^ to Sm*^  gave evidence t h a t the 
de-exci ta t ion of Sm-^  takes place by as many as twelve gamma 
t r a n s i t i o n s . They have reported the excited l eve l s of Sm-^  
a t 22 ,5 , 277.2, 350.2, 528.6 and 558.3 ke¥. Later s tudies of 
Eu-^  » Sm^ **® decay by H a r l i n g ^ ^ e s s e n t i a l l y confirmed the 
11) e a r l i e r r e s u l t s of Harmatz e t a l . and gave evidence for a new 
gamma t r a n s i t i o n of 281 keV from the 558keV leve l to the 277 keV 
14) l e v e l . The magnetic spectrographic s tudies by Antoneva e t a l . 
Ki 1 5 ) 
and Dzhelepov e t a l7 gave similar r e s u l t s with the exception 
t h a t these authors have not observed the 558 ke7 l e v e l . 
Though both Pm^^^ and Eu^^^ decay to the l eve l s in Sm-^ **^ , 
149 i t i s qai te i n t e r e s t i ng tha t not even a s ingle level of Sm"*" 
i s commonly exci ted. The probable spin assignments made by 
Schmid and Bur son along with the r e s u l t s of Chapman e t a l . 
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and Harmatz et al# suggest that there ©Kist some probability 
for some mixed gamma transitions. This case was taken up for 
a careful study of the gamma ray spectra and the (V-Y) 
coincidences in view of establishing the levels of Sm^^^ 
149 
excited through the beta decay of Pm • 
2, Source Preparation 
Pure neodymium metal target was bombarded with 
thermal neutrons in the *Apsara* reactor, Tromb^, Along 
with Nd-"-^ ^ (2h) activity; Nd^ *^^  (lid) and Nd^^l (ig^) ^^ii 
be formed which respectively decay by beta emission to 
Pm^^®(54h), Pm^^'^<2.6y) and Pm^^^ (27*5h). After the 
bombardment, the chemical separations were performed for 
separating the impurities and the other spurious activities 
149 produced in the irradiation process. The Pm was 
separated from tieodymium and the source was carrier free. 
3. Halflife Studies 
For following the halfli^es of the individual photopeaks, 
the source was mounted in a precision perspex source holder, 
with the help of which the exact reproduction of the source 
position was found possible. The energy distribution of gamma 
rays recorded in a NaKTl) crystal scintillation spectrometer 
is shown in fig. 29. From the singles spectrxim, the 
photopeaks corresponding to the following energies are 


• 1 
seen: 39 keV X-ray, 90, 175, 285, 530, 860 and 1100 keV, 
By reproducing the exact geometry of the source and the 
c r y s t a l , the d i f f e r en t i a l spectra have been p lo t t ed over a 
period of more than 20 days and the h a l f l i v e s of the 
individual photopeaks were careful ly followed. These s tud ies 
showed the existence of long h a l f l i f e impurity(probably 
11 day;* Nd"^ *^^ ) in addit ion t o the 27h Pm^^^. The 285 keV 
photopeak was found to be pure decaying with a h a l f l i f e of 
57h as obtained in f i g . 3 0 . Most of the 39 keV X-ray peak 
also decayed with 58h h a l f l i f e as shown in f i g . 3 0 . Probably 
t h i s i s mainly from the Pm-^  decay. The decay curve of the 
149 530 keV broad-peak gave t h a t i t i s pa r t l y from the 56h Pm 
and the r e s t from the 11 day Kd^^'^. The 175 and 90 keV 
photopeaks are due to the 27h Pm^^^ and 11 d Nd"^ '*'^ . The 
860 keV gamma ray also seem to decay with a ha l f l i fe (60h) 
149 
very close to t ha t of Pm. But because of i t s low i n t e n s i t y 
149 i t s decay was followed for only two ha l f l i ve s of Pm • The 
1.1 MeV gamma ray may be due to some longer h a l f l i f e a c t i v i t y . 
The coincidence spectrum recorded in the 20 channel 
analyser with the gate on the 285 keV photopeak i s shown in 
f i g . 3 1 , Coincidence peaks were observed a t 310 keV and 
under the 860 keV photopeak. 
These preliminary s tud ies show some evidence t h a t the 
mor( 
10) 
149 
Pm decay might be exciting some e levels in addition to 
those reported by Schmid and Burson" 
p h 
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H) DECAY OF Gu^^ <9,9m) 
1 . Introduction 
Recently Gardner and Meinke have studied the £ -decay 
of Go°^ and reported the gamma t r ans i t i ons corresponding to the 
energies of 1.17, 1.47, 1.74, 2.03 and 2.5 MeV in the 
de-exci ta t ion of Ni . In the react ion work'^'"*' Ni l e v e l s were 
5) 
observed a t 1.172, 2.047, 2.304, 2.336 and 2.88 Me?. Bnm e t a l . 
62 6P 
have studied the decay of Gu in secular equilibrium with Zn 
and they obtained the gamma rays with 0.66, 0.85, 1.18, 1.35, 
1»46, 1.98 and 2.24 MeV. Butler and Gossett have carefully 
PLO i 62 
workedout the decay of Cu""^ . They have produced the Gu source 
from the radiative capture of protons from ^2 MV 7ande Graaff 
accelerator on an enriched Ni target. They observed the gamma 
rays of 0.88, 1,13 and 1.17 MeV energies contradicting the earlier 
results. The present study was undertaken to obtain more 
ftp 
information about the decay of Gu , vtiich i s used as a standard 
in <n,2n) c ross-sec t ion work and in monitoring 13ie beta t ron 
bremsstrahlung beams. 
2 , Source Preparation 
About 300 mg of ^<spec pure» copper powder was taken 
in between two th in ce l lo tapes and t h i s was bombarded with 
14.3 MeV neutrons in a Gockcroft-Walton type acce le ra to r . 
Gu^^ wi l l be formed from Gu^^ (^g^) (n,2n) Gu^^ r eac t ion . 
64 Tlie other a c t i v i t i e s tha t are l i k e l y to be produced are Gu <12h) 

go 
having a weak mono-energetic gamma ray of 1,35 MeV and Ni {2.5h) 
decaying with gamma ray energies of 0e37, 1.12 and 1,49 MeV from 
(n,p) reac t ions and Go^^(5,24y) and Go (l4m) from <n, X) reac t ions 
3 . Gamma Ray Spectrum 
'The s ingles gamma spectrum was studied with the help of 
the 20 channel Nal (Tl) c rys ta l s c i n t i l l a t i o n spectrometer. 
While recording the s ingles spectrum fs 0.6cm thick perspex 
disc was introduced infront of the c rys t a l to reduce the 
bremsstrahliang contr ibut ion to the gamma spectrum. Ihe s ingles 
gamma spectrum reproduced in fig* 32 gave evidence for gamma 
ray photopeaks a t 0.88, 1.15, 1.4 and 1.7 MeV. This spectrum 
has been corrected for the decay of the soiirce during observation. 
All the peaks were found to decay with a h a l f l i f e of 'about l lmin. 
The spectrum upto 1,15 MeV energy i s exactly s imi lar to t h a t 
obtained by Butler and Gosse t t ^ ' . The broad peak a t 1.15 MeV 
supports the conclusions of these authors t ha t i t may be due to 
two gamma rays of energies 1.13 and 1.17 MeV, 
About the other two high energy photopeaks, one cannot 
say de f in i t e ly whether they a r i s e from the decay of Gu <9,9m) 
or from the decay of the 14m Co^^ a c t i v i t y , which may be formed 
from the ( n , X ) r eac t i ons . Though the c ross-sec t ion for (n, <C ) 
i s quite small compared to <n, 2n) reac t ion , the r e l a t i v e 
i n t e n s i t i e s of the gamma rays in the decay of Go may not be 
neg l ig ib le compared to Gu^^, since 100^ of Go^^ decays by beta 
62 ^ 
emission to taie excited levels in Ni whereas only 2,5^ goes 
to the excited levels^^ of Ni^^ from the decay of Cu , 
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Chapter IV 
SYSTEMATIGS OF E2-M1 MIXING RATIOS OF 2H-»2'I- TRANSITIONS 
IN EVEN NUGLElt 
1, Introduction 
In analogy to the e lec t ron she l l theory in an atom, 
the nuclear she l l model "^  assi:mes t h a t every nucleon moves in 
a spher ica l ly symmetric average nuclear po ten t i a l f i e l d . The 
number of neutrons or protons to be f i l l e d separately in a 
p a r t i c u l a r leve l wi l l be decided by the Pauli*s exclusion 
p r inc ip le and the order of the l eve l s w i l l be governed mainly 
by t3ie strong sp in-orb i t coupling. This simple model qua l i t a t ive ly 
ea^la ins the existence of ttie magic numbers, r e l a t i v e abundances, 
r e l a t i v e s t a b i l i t y of the nuc l e i , asymmetric f i s s ion , delayed 
neutron emission and nuclear isomerism. This was found to be 
quite r e l i a b l e in predic t ing the ground s t a t e p roper t i es of the 
n u c l e i . 
In s p i t e of the above achievenents of t h i s model, i t 
proved to be too inadequate to explain the observed systernaties 
of the gamma t r ans i t i ons in the case of the excited l e v e l s in 
many even-even and odd-odd n u c l e i . In some cases , the gamma 
t r a n s i t i o n p r o b a b i l i t i e s , magnetic and quadrupole moments 
calculated from the she l l model were observed to be smaller 
by many orders of magnitude when compared with the experimental 
va lues . In order to explain these systematics Bohr and 
Mottelson^'(BM) were the f i r s t to consider t ha t these^ l e v e l s 
f Published in Nuclear Physics 42. (1963) 
89 C3 
may be due to the vibrations and rotations of the nuclear 
surface exhibiting a sort of collective interactions between 
the nucleons. Though the nuclear surfaces are supposed to be 
quite rigid nearer the closed shells, they may be easily 
deformable in nuclei which are far from the closed shells. 
This sort of collective mode of motion very satisfactorily 
explains the observed systematic level spacings of the spectra, 
the spins of the excited levels and the observed enhancement of 
the E2 transitions from the expected values of the single 
particle model in many nuclei which are far from the closed 
shells, Bohr and Mottelson have characterised the nuclear 
orbitals on "ttie basis of the independent particle motion in 
an aXially symmetric potential. The CTiergy Ej of a level in 
the rotational-vibrational spectrum in this model is dependent 
on the frequency of nuclear surface vibrations, and of the 
ratio of the equilibritm deformation to the zero vibration 
amplitude. 
Recently the BM model has been extended by Marty ' and 
by Davydov and Filippov (DF) to include the rotations of 
the non-axially symmetric nuclei also. In the DF model, the 
rotational states satisfying the required symmetry conditions 
will not exist for J=l, but two such states will exist for 
J=2 etc. The energy of two such levels satisfying the 
required symmetry conditions are: for J=2 
EC2') = 
0) 
il ii 
The reduced E2 t r a n s i t i o n probabi l i ty i n the DF model i s 
6 C £2 > 2' 2 ) r i ^ . St'ry.'^(2>y) cz; 
The reduced magnetic dipole radiation probability from the 
state 2+* to the 2-f state is 
2 
B<M1, 2--^2)= i- E l |Czi'''l'^fl^?2='"^l 
or 9^ 
B<M1, 2»-^2) = -32- f*-o • " } . • (h. 
The ratio of the reduced probabilities 
>>0'r\. ^(•3/; _ 
9- § sc^^C3/; 
ft (^^1, I'-^i) 
7 L ez R„^  J 6 C E2, 2'-^  2) V  „^  
or the ratio of the intensities of E2 and Id 
2 
f = ^ ^ e 2. '^ o 
2 1 
So (Jic)- A-o^ R 
,-24 
where ^ 0 =5.05 x 10 erg/gauss; gjj'?i0.4 
R^ = 1*2 A^ xlO'-'-^ cm, so that 
« 6.6 X 10"^ Z A 4/3 <6) 
iP) 
C4) 
(t'-) 
(Egf- Eg)^ 
which is independent of the deviation of the shape of the 
nucleus from the axial symmetry (^ ) , 
Van P a t t e r ^ ' has co l lec ted a l l the data avai lable in 
2"+—>24--^Oif- l eve l s in even nuc l e i , and has shown t h a t the 
DF model i s more successful in providing qrualitative p r ed i c t i ons , 
which are approximately in agreement with the experimental r e su l t s , 
Though some setbacks were also experienced by the DF model because 
0 -s 
of i t s f a i l u r e to explain the p roper t i e s of even nuc le i with 
the values g<2«-f-) / 2^ i ^ general ample experimental data 
1(2+ ) 
are ava i lab le t o accept i t s v a l i d i t y especia l ly i n the strongly 
deformed regions* 
The s t r i k ing success of these very r e s t r i c t e d non-axial 
symmetric models ind ica tes tha t a more general asymmetric 
ro tor model may give b e t t e r agreement with the experimental 
7) 
d a t a . With t h i s hope Davydov, Rabotnov and Ghaban have 
studied the most general adiabat ic asymmetric model and 
concluded t h a t the agreement i s not muQh b e t t e r than the 
hydrodynamical model of Davydov and Fi l ippov. However, they 
have siaggested tha t the inc lus ion of the ro t a t ion -v ib ra t ion 
i n t e r a c t i o n may improve the agreement, !Ehis i n t e r ac t i on 
g) has been taken in to account by Mallmann and Kerman in the case 9) 
of the t^drodynamical model and by Mallmann in the case of the 
general asymmetric ro tor model and found tha t these general 
models are much b e t t e r in explaining liie observed energies and 
y - r a y t r a n s i t i o n p r o b a b i l i t i e s espec ia l ly in the low lying even 
pa r i t y s t a t e s for 4O<A<.250 than the DF model, 
10) Beliayev ' showed the existence of co l l ec t ive quadrupole 
exc i t a t ion of the v ib ra t iona l type (7QE) with allowances for 
pa i r ing and quadrupole i n t e r a c t i o n of nucleons. He has a lso 
shown tha t the energies derived from t h i s theory are approximately 
equal to the experimental values* In contradict ion to the DiF 
model, VQE model has a good theore t ica l backing. The appearent 
success of the DF model, however, cannot claim any super io r i ty 
2 
over -Uie VQE model s ince the ava i lab le experimental data 
col lec ted by Van P a t t ^ ^ ' in support of the DF model a lso 
purport the app l i cab i l i t y of the vqp model. Recently 
11) GrechTakhin has suggested some experiments t o ver i fy the 
success of these models. Though these experiments uniquely 
es tab l i shes the app l i cab i l i t y of the DF model, the suggested 
ejjperimoits are ye t to be performed. 
Systematics of the mixing pa rame te r ' s ' i n the 2* 4-—^24-
t r a n s i t i o n s i n even nucle i have been studied by many workers, 
12) I t has been pointed out by Malik e t al t h a t the BF model 
qua l i t a t ive ly accounts for the va r i a t i on of ^5 with the neutron 
number. Since then much data have been accumulated and an 
a t t enp t has been made to study the systematica of '5" wito the 
addi t ion of the new data . 
2 . Systematics of S in a*-!-—»'2-f lEransitions 
in Even Nuclei 
Low-lying s t a t e s of many even nuc le i have been found t o 
possess energy l eve l s with spin sequence 2*+ —»> 2+ —^ 0:^ , 
where, 0+ i s the ground s t a t e and 2+ and 2'-f a r e , r e spec t ive ly , 
the f i r s t and the second excited s t a t e s having a spin of two. 
the gamma ray emitted between 2'f- and OfJlevels i s ' a-pure E2 . 
t r a n s i t i o n , The other gamma ray emitted between 2*+ and 2+ 
leve l s i s often a mixture of E2 and Ml t r a n s i t i o n s with E2 
content general ly more than ninty per cent . This enhancement 
of the E2 t r a n s i t i o n p robab i l i ty i s ind ica t ive of the c o l l e c t i v e 
na ture of t h i s t r a n s i t i o n because, the Ml t r a n s i t i o n w i l l 
usually "be much stronger than E2 transition according to the 
single particle shell model. Thus the investigation of the 
mixing ratio S of Ml and E2 transitions is important in 
revealing the type of excitation involved. 
In the case of mixed transition, the relative intensities 
I<E2) and I<M1) are, respectively, proportional to the squares 
of the matrix elements which describe the two types of transitions. 
The quantity 5 , the mixing ratio is defined as 
Thus, for a given intensity ratio, 5 can have eiteer a 
positive or a negative sign depending on the relative phase of 
the reduced matrix elements. The mixing ratio S can be 
accurately determined by means of directional correlation 
measurements between the two gamma ray transitions of the 
2 H — ^ 2^ — ^ Of cascade. Since the 2& —». Of transition 
is pure E2, -ttie measurement of S is unique. Recently there 
have been several surveys * ' of the mixing ratio 5 • 
Since then new measurements on S have become available. 
The systematics of S with neutron number was first 
investigated by M. SaKai-^^^. He proposed a regular variation 
of the sign and the magnitude of S in regions preceding the 
closing of the g 9/2, h 11/2, and i 13/2 neutron sub-shells. 
These "Islands" of nuclei occur for 38< 11^48, 646 N ^ 74, and 
1105NS124. From his considerations of published data, Sakai 
concluded that the sign of S is negative in the first and third 
islands and positive in the second. However, it was pointed out 
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later-^ ^^ -'iaiat the alternate change of the sign of in the above 
neutron islands was not conclusive. Further accumulation of 
data*^ '''' on the sign of S also does not support the above 
14) proposal. As regards the magnitude of S , Sakai has shown 
that the nimerical value of ^  diminishes as the neutron number 
approaches the magic niamber. In his plot of ^  as a function of 
neutron niamber N, the effect on S of the energy of the gamma 
ray transition involved was not taken into consideration. Hence 
t^e values of S for isotopes of two elements having the same 
neutron number can not be directly con^ared, as the energies of 
the mixed gamma ray transitions will be different. 
Before any definite conclusion regarding the variation 
of the magnitude of S can be drawn, it is essential to normalise 
the value of 5 with respect to the energy of the gamma ray 
transition involved. Keeping this normalisation in mind the 
available data were collected in looking for a systematic 
variation of the magnitude of 5 with neutron number. 
3. Results 
In this work no attempt has been made to study the 
variation of the sign of * S ^ and hence the systematic variation 
2 
of5" with the neutron number is investigated. To normalise the 
value ©f S for the energy of the gamma ray transition,* § * was 
divided by Ey where, Ey is the transition energy in MeV between 
2 H to 2-f levels. Then iS /Ey ) is the reduced mixing ratio 
independent of the transition energy. The quantity log(^/Ey ) 

is now calculated and plotted as a function of neutron ntunber 
in fig. !• References for the data used in fig. 1 are given 
in section 5« In fig. 1 the single particle estimate"^ '''and 
Davydov Filippov estimate^' of the quantity log<S/E^ )^ as a 
function of neutron number are also plotted. 
4. Discussion 
Fig. 1 shows that there is a large variation of reduced 
mixing ratio as a function of neutron ntunber N, and its value 
increases gradually from neutron number 30 to 130. As was 
12) pointed out earlier, the values of reduced mixing ratio in 
general cluster around the Davydov-Filippov <DF) estimate which 
also increases gradually with neutron number. There are however 
several values "which are drastically different from the DF 
12) 
estimate and it was noted-^  that these deviations are perhaps 
related to shell effects. It is clearly seen from fig. 1 that 
"these deviations occur near the neutron magic numbers 28, 50, 82 
and 126. At these magic numbers the reduced mixing ratio falls 
by more than two to three orders of magnitude frc»i the DF estimate, 
'Ehe heavy lines near the magic niunbers are arbitrarily drawn 
only to focus the attention to this fact. In all these cases 
the percentage of Ml transition in the mixed gamma ray is more 
than ninty percent, jQiis is to be expected near ttie magic numbers 
where the single particle shell model is valid, and where, the Ml 
transition is expected to be much stronger than the E2 transition. 
Single particle estimate of the reduced mixing ratio is also 
shown in fig. 1, 
fi 
The values ""of reduced mixing r a t i o near the neuta'on 
magic numbers approach the s ingle p a r t i c l e l i m i t . I t i s a l so 
evident from the f igure t h a t near the closed neutron she l l s 
the addition of two neutrons changes the reduced mixing ratio 
K« 58 
quite drastically. Examples of this effect are Fe°°- Fe , 
Ba^2^- Ba-^^and Po^^- Po^^^. In the regions lying between 
the closed she l l s the change due to the addit ion of two neutrons 
i s small . Examples are Zn®^- Zn^^, Ru^^^- R u ^ ^ and Os^^^- O s ^ ^ 
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-Os • The effect of proton magic niimbers in bringing the 
value of the reduced mixing r a t i o nearer to the S,P. est imate 
appears to be quite small , i n comparision to the corresponding 
effect near the neutron magic numbers. 
5« References for 5 used in f i g . 1 
6) All the values of 5 compiled by Van Pa t te r are used. 
Original references to the measurements can be found in the 
above compilation. In the following, recent data on S which 
have also been used in preparing f i g . l , are given 
Zn®^;&^«5.25, M.E, Bimker and J.W, S t a m e r , Bul l , Am, Phys. 
Soc. 5 (I960) 253, S"^ i s calculated from the percentage 
of E2. 
Zn :^ = - 4 .^ So;ji Kono, Journ, Phys. Soc, Japan 17(1962)907 
74 +9 
Ge :6 t= - 1 T, Yamazaki, H, Ikegami and M. Sakai, Journ, • 
'"V.Oj 
Phys. Soc. Japan 15 <1960) 967. The reported value of S' 
is not very precise because of the large positive error. 
76 c Se io = -7.2 + 1.5, general reference 13). 
84 c-Kr : S = - 1.8 and -0*9, N.R. Johnson and G.D. 0*Kelley, Phys, 
Rev. 108 (l957) 82, 6 i s ca lcula ted from the reported 
anisotropy in the angular co r re l a t ion experimoat. Both 
values of 6' are p lo t t ed since there i s no other data 
ava i lab le to choose one of them. 
Mo^^:(5'= - 0.20, H, Bernstein and H.H, Fo r s t e r , Nuclear Physics 
24 (1961) 601, the d i r ec t iona l co r re l a t ion experiment i s 
compatible with the assignment of e i the r 2+ or 4+ for 
the 1.570 MeV l e v e l . Ihe value of S 'has been calcula ted 
and p lo t ted in f i g . l assiaming t h i s level to be 2'f-. 
Ru^^^:6"=- 3.1 "^" '^^  M. Koike, N, Ono, K. Takahashi and 
'-2o2> 
K. Hisatake, The autumn meeting of the Physical Society 
of Japan, 1960» 
Ru :S= -fS.S^Q*. J K. Hisatake, Jotirn. Phys. Soc. Japan 
16 <1961) 1280 
106 r- +0o Pd :S= -^30 ,^ R.L. Robinson and F.K, McGowan, Phys. Rev. 
-15» 
119 (i960) 1692, The reported value of i s not very 
prec i se because of the l a rge pos i t i ve e r r o r . 
Te-^^:5'= 4-3.7 + 0 .3 , general re f . l5)S=-f3.4 + 0.5 general 
re f . 13) 
He^^iSz:^ 1^00 1 0.08, general ref , 13) . This measurement of 
the spin of the 1.326 Me7 leve l and the ca lcu la t ion of 
S of the 0.723 Me¥ gamma ray i s of l imi ted accuracy 
because the contr ibut ions to the coincidence r a t e from 
other cascades in te r fe red in the angular cor re la t ion 
a 
experiment* Moreover, the percentage of E2 reported 
by B,S» Dzhelepow and N.N, Zhukovsky, Nuclear Physics 
6(1958) 655 is 50 + 40. If the upper limit is taken 
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then S w i l l be comparable to t h a t of Te 
Te^®: 5 = ^ 8 . 8 ^ * ^ ^ Xe"^^: | S | > 5 and X e ^ ^ : 5 =-6.4 + 1 .5 , 
general ref . 15) 
134 2 Ba : 5 » 15#7, R.K. Girgis and R, Van Lishout, Nuclear Physics , 
Ig <1959) 672, 8:^ i s ca lcula ted from percentage of E2, 
Ba^^^: - 0.25 ^ S ' 6 -0«19, Z. Grabowski, S. Qustaf sson, 
.1* Marklund and I .B . Ha l le r , Nuclear Physics 2g(l960) 
159,5'= - 0.18, H. Bernstein and H.H. Fo r s t e r , Nuclear 
Physics 24 <196l) 601. The above d i rec t iona l co r re l a t ion 
experiments are compatible with the assignments of 
e i t he r 2 + or 4f for the 1.900 Me7 l e v e l . Ttie value of 
5 has been p lo t t ed in f i g . 1 assuming t h i s level to 
be 2+. 
Dy-^ -^ j^ s'^z 100, W. Kundig, Helv. Phys. Acta 34 ( l96 l ) 125 
Os^®^: 5* =^10.6, E. Bodenstedt e t a l . , Z.f. Physik 163 ( l 9 6 l ) l 
ca lcula ted from Ag and A^m 
Os-^ '^^ : 5-^=49, F . Cappellani e t a l . , Physica 24 <1958) 765 W.R. 
Kane e t a l . , Phys. Rev. 109 <1960) 1953, a has been 
ca lcula ted from percentage of E2. 
Hg^^^: S- 2 s Q,05, T. Lindquis t , Arkiv. for Fysik, General re f . 13 
Po^^: s" « 1»6 X lO"-^ , Giannini, Nuovo Cimento 22 <l96l) 31 
Po •^ *: 5 < 1, OeB. Nielsson, Private communication to K, Alder 
2 
et al., Rev. Mod. Phys. 28 <1956) 432, 5- is calculated 
from percentage of E2. 
Appendix 
Eva lua t ion of ' ^ ' : In 2 '+ —>'2+-?*CH- t r a n s i t i o n s , t he 
ani so t ropy 
A = W<18QQ) - WOQO) 
if(9Qo) 
_ S-f 8.782 -f Q.715 S'^ ( A . l ) 
7 - 2 .927 -f 9.286 5^ 
l'^ Ao i- A4 
a l s o A s - - ^ - 4 - 1 
1- i A2 -^  f A4 
w i t h the he lp of t h e r e p o r t e d A2 and A4 c o e f f i c i e n t s we 
g e t two v a l u e s for * s" * when we so lve eq . ( A . l ) . Out of 
t he se two v a l u e s the c o r r e c t v a l u e of t h e mixing p a r a m e t e r ' 5 * 
was ob ta ined from the graph 
A2 and A4 c o e f f i c i e n t s z'c/^/* 
12) 
 of Malik e t a l . , who have p l o t t e d 
Kote: After t h i s work has been completed some more da t a were 
a v a i l a b l e on t h e mixing parameter ' S ». R.L, Robinson, 
N.R. Johnson and E. E i c h l e r <Phys. Rev. 2^ <1962) 252) 
r e p o r t e d t h a t t h e r a t i o of I (E2)/ I (M1) fo r t h e 631 keV 
t r a n s i t i o n i n X e ^ ^ and for t h e 569 keV t r a n s i t i o n in Ba"^^ 
00 
to be 10 and > 200, respectively* M. Sakai et al.,<J. Phys, 
-22 SoGo Japan 17 <1962) 1087) o b t a i n e d ^ = - 5 . 8 ^ ^ * ^ for t h e 
82 0.690 Me? t r a n s i t i o n i n Kr • The angular c o r r e l a t i o n s t u d i e s 
of M.E. Bunker e t a l , , <Phys, Rev. Ig? (1962) 844) showed 
92 
t h a t t h e 904 keV t r a n s i t i o n i n Z r has a d i p o l e con ten t of 
99.8'*"^*J % and D. Mac Arthur e t a l . , (Nuclear Phys ics 38<1962)l06) 
observed t h a t t h e 865 keV t r a n s i t i o n i n t h e d e - e x c i t a t i o n of 
Fe^^ i s a mix tu re of Ml and B2 wi th ^ =('^ 1.5 ± 0 . 4 ) , These 
v a l u e s p l o t t e d i n f i g , 1 f u r t h e r suppor t t h e e a r l i e r c o n c l u s i o n s , 
•Slhe a d d i t i o n of two n e u t r o n s nea r t h e c lo sed neut ron s h e l l s 
changes t h e reduced mixing r a t i o q u i t e d r a s t i c a l l y " can a l s o 
, -. ^ 82 T^  84 , „ 132 „ 134 „ 136 
be seen from Kr - Kr and Ba - Ba - Ba • 
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CHAPTER V 
DISCUSSION 
Xhe I-^  nucleus with 53 protons and 76 neutrons falls 
in the odd-even class. With only three protons above the closed 
shell at 50, one expects this nucleus to be fairly spherical ^ 
so that the single particle shell model may explain the properties 
of the ground state and the low lying excited levels. Bie 
shell model predicts 1 g 7/2 or 2d5/2 for the last three protons. " 
The measured spin value of 7/2 for its ground state shows that 
the ground state configuration is <g7/2)^ . Again from the shell 
model the excited levels can have (g7/2)^ d5/2, (g7/2) <d5/2)^ 
and (d5/2)^ configurations. The first excited level may be a 
[(g7/2)^] ..configuration consistent with the observations 
{Chapter III. A ) . For explaining the properties of the higher 
excited levels of I ^ with 3 protons above the closed shell at 50, 
there can be some contribution from the collective nature of the 
nuclei also, so that one may try the so called 'intermediate 
coupling model', This model assumes a sort of intermediate 
coupling between the closed shell core of the nucleus and the 
outer single particle nucleons. Banerjee and Gupta have 
calculated the energy levels of iodine isotopes assuming this 
type of intermediate coupling. A comparison of "ttie present 
experimental results with their calculations shows tiiat the 
spins and parities of the groimd and the first excited states 
assigned from the indirect experimental evidence, are properly 
10 
e^qjlained by t h e i r ca l cu la t ions . Die observed leve l a t 475 keV 
may correspond to the 466 ke? level predicted by them. Around 
the experimental level a t 720 keV, they p red i c t tliree l eve l s a t 
713, 746 and 750 keV x^ith spins 11/2, 13/2 and 11/2, r e spec t ive ly . 
The experimental evidence shows tha t t h i s leve l cannot have such 
a high spin, Hov/ever, ca lcu la t ions with d i f f e ren t adjustable 
parameters may y ie ld b e t t e r agreement with the experimental 
r e s u l t s . 
The gamma ray energies and the i r t r a n s i t i o n p r o b a b i l i t i e s 
in 1^ may be compared with the adjoining odd proton nucleus I 
2) 
which i s a lso having similar configuration • A comparison of 
the beta decay branqhings and the energy l eve l s of these nucle i 
show a systematic trend as discussed in Chapter I I I .A , 
From the shel l model the ground s t a t e spin and p a r i t y of 
Q^llo j^ g d3/2 or s^. From the systematics of the measured values 
111 1T 3 
of i for Gd and Cd , the groxind s t a t e of cadmium may have 
an s l / 2 configurat ion. From the measured spin value of 9/2, the 
shel l model predic t ion of g9/2 configuration may be accepted for 
the ground s t a t e of In . The isomeric t r a n s i t i o n was found to 
be a mixture of M4 and E5 so tha t p l / 2 assignment may be made for 
the 335 keV l e v e l . From the assigned spins and p a r i t i e s of the 
115 Various excited s t a t e s of In ; we expect many un-observed gamma 
t r ans i t i ons from the s ingle p a r t i c l e shel l model est imates 
(ex. Ml t r a n s i t i o n from the 1.42 MeV (9/2+) level t o the grotind 
3) 
s t a t e (9/2+) e t c . ) . The Coulomb exc i ta t ion s tudies by Davis e t a l . 
show t h a t t h i s decays through Compound Nucleus formation. Therefore 
comparison of the proposed levels with any of the existing low 
excitation nuclear models may not be fruitful. 
The shel l model predictions of d5/2 and h9/2 for the ground 
s t a t e s of Pr-^ and Ge^ *^^  are consis tent with the i n d i r e c t 
evidence obtained from the log f t values e t c . (Chapter I I I . G ) . 
Ihe predominantly Ml character of the 56 keV gamma ray and 
other considerat ions show tha t the f i r s t excited level may 
be 7/2+e It is possible to assign 5/2+ and 7/2+ for the ground 
4) 
and f i r s t excited l eve l s from Ni l sson ' s model with the 
deformation parameter B^^ -0«05. 
Assuming the second exci ted s t a t e a t 349 keV to be a s ingle 
p a r t i c l e l e v e l , an est imate of the t r a n s i t i o n p r o b a b i l i t i e s 
of the 293 keV and 349 keV gamma t r a n s i t i o n s (from eqcis (4) &(5) 
of Chapter I I ) gave the corresponding values to be 293 keY(Ml): 
349 keV(E2)= 9.9 x 10^^: 9,0 x 10^ whereas the observed 
i n t e n s i t i e s are in the r a t i o 1:0.08. This shows t h a t the second 
excited l eve l cannot be explained by the s ingle p a r t i c l e shel l 
143 
model. 59^^ > with 9 protons above the closed shel l a t 50; 
excited s t a t e s corresponding to the co l l ec t ive nature of the 
nucle i may also be expected. The r a t i o of the t r a n s i t i o n 
p r o b a b i l i t i e s calculated with the help of eqcis. (6) and (8) of 
Chapter I I I for 293 keV gamma ray (Ml): 349 keV gamma ray <E2) 
;::? 1:0.06, i s very close to the observed in t ens i t y r a t i o of 
1:0.08. In tJiese ca lcu la t ions ; Ay?//?<, was obtained from the 
Nllsson diagram to be -i 0.05', and (gg.-gj^)?i 1 * But the 
energies of the leve ls calculated from the Bohr Mottelson 
model show t h a t the second excited level cannot have as high 
an energy as 351 keV. The non-observance of gamma rays in the 
Gouloximb exc i t a t ion in Pr^'*^ along with the above argxanents 
give strong evidence against the co l l ec t ive behaviour of the ' 
143 
Pr nucleus . For the p resen t , one can conclude tha t the 
349 ke? level i s quite complex. 
144 
Pr with 59 protons and 85 neutrons f a l l s imder the 
odd-odd nuc l e i . Ttie she l l model p red ic t s d5/2 or g7/2 for the 
59121 proton. From the systematics of the adjoining odd-proton 
nucle i the l a s t proton may be assigned d5 /2 . With only three 
144 
neutrons above the closed shel l a t 82, Pr may be f a i r l y 
spherical so t h a t the low lying and the grotand s t a t e p rope r t i e s 
may be explained by the s ing le p a r t i c l e shel l model. The 85th 
neutron may be in an f7/2 o rb i t from the avai lable data of the 
adjoining odd neutron n u c l e i . Therefore, from the considerat ions 
144 
of the single particle shell model, the ground state of Pr 
can have a minimum spin of !-• Though the previously accepted 
spin of 0- for the groimd state of Pr-^ '*^  could be accounted if 
6) 
we assign a g7/2 orbit for the 59th proton; this spin 
assignment is not suitable from the systematics of the adjoining 
odd proton nuclei like Pr^^®, Pr^^^ and Pr^^. The presently 
proposed spin value of 1- may be very well accounted from the 
systematics and also from the single particle shell models 
144 
The behaviour of the excited l eve l s in Pr may perhaps help 
1 ii 6 
144 US in predicting whether the Pr nucleus is spheroidal or not, , 
The recQit absolute transition probabilities and the halflives 
144- 7 ) 
of the e x c i t e d l e v e l s of Pr-*-^' r epo r t ed by Burde e t a l ; a r e of 
much i n t e r e s t . They concluded t h a t a lmost : a l l t h e e x c i t e d 
l e v e l s a r e e s s e n t i a l l y of s i n g l e p a r t i c l e n a t u r e wi th s l i g h t l y 
d i f f e r i n g c o n f i g u r a t i o n s . Their r e s u l t s s t r o n g l y suppor t t h a t 
144 t h e Pr-^ nuc leus i s e s s e n t i a l l y s p h e r o i d a l . To account for 
144 t h e p r e v i o u s l y accepted ground s t a t e sp in of 0- fo r Pr-^ , they 
assumed a g7/2 o r b i t for t h e 59th p r o t o n . As d i s cus sed above, 
t h i s assumption c o n t r a d i c t s t h e sy s t ema t i c s of t h e ad jacen t 
odd p ro ton n u c l e i l i k e t h e measured spin v a l u e of 5/2 for t h e 
141 Pr nuc leus and the de r ived spin assignments of 5/2 f o r t h e 
ground s t a t e s of Pr^^^ and Pr^^^^. The r e s u l t s of Burde e t a l l 
which e s s e n t i a l l y show t h a t t h e e x c i t e d l e v e l s of P r ^ ^ a r e 
expla ined by t h e s h e l l model fijrtt ier suppor t i n d i r e c t l y the 
p r e s e n t assignment of 1- i n s t e a d of 0- for t h e ground s t a t e of 
144 «^ 
Pr-^ , On t h e o the r hand, Geiger e t a l ° . have exp la ined 
144 t h e ground and e x c i t e d l e v e l s of Pr from t h e u n i f i e d model wi th 
a p r o l a t e deformation of 5'^-i-o.07, 
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Abstract: The energy levels of I'-" have been studied through the p~ decay of Te"*"™ and Te'-" em-
ploying two Nal (Tl) scintillation spectrometers in coincidence arrangement. In addition to 
confirming the presence of the previously knovv'n gamma rays of energies 27, 212, 475, 720 and 
1120 keV, evidence is found for seven new gamma rays. The new gamma rays have energies of 
448, 450, 625, 693, 1073, 1320 and 1520 keV. From the coincidence experiments a probable energy 
level scheme for P - ' is proposed. 
1. Introduction 
Earlier work ' '^) on Xe''^ ^™ showed that it decays by the emission of 106 keV 
isomeric transition to the ground state of Te'^^, which then decays by beta emission 
with a half hfe of 74 min to the levels of 1^^'. Graves and Mitchell ^) reported that 
74 mJn activity of T e ' " excites energy levels in I'^^ at 27, 502, 720 and 1150 keV. 
They also showed that the 41 d Te'"""" decays by beta emission, in addition to the 
106 keV isomeric transition, and the P~ jl.T. ratio was found to be about five percent;" 
In order to explain the five percent beta branching, it was suggested ^) that a beta ray 
transition of end point energy 1586 keV takes place between Te^^^" and the ground 
state of 1^^ .^ However, recent measurements*) for this ratio have shown that it 
is about 32 percent. This leads to the possibility of Te'^^'"" exciting some new levels 
in I,^ ^^  by electron emission. Banerjee and Gupta ^) have calculated the energy levels 
of 1^-^ and I '^ | ,on the basis of the unified model. We have investigated the decay 
Qj-'Pgi29m with^expectation of finding new levels in I ' ^ ' and also to compare the 
theoretical calculations with the experimental data. 
2. Source Preparation 
The Te'^^"" isotope was obtained as a fission product in the "Apsara" reactor at 
Trombay " ^ The chemical separation was performed to separate Te '^^ *"' from the 
radioactive isotopes of other elements formed during fission. About 20 juc of Te^^'"" 
was dissolved in dilute nitric acid and the source was prepared in a thin perspex 
rod with a hole 3 mm deep and 2 mm in diameter by repeatedly drying the dilute 
solution under a heating lamp. No evidence was found for the existence of other 
tellurium activities. 
t Present Address: Scientific Post Officer, C.S.l.R., Mew Delhi, India. 
•ft Present Address: Physics Department, A&M College of Texas, College Station, Texas. 
t ' t Dept. of Atomic Energy, Govt, of India, Trombay, Bombay. 
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3. Gamma Ray Spectrum 
The energy spectrum of gamma rays recorded in a 3.8 x 3.8 cm cylindrical Nal(Tl) 
crystal scintillation spectrometer is reproduced in fig. I. Evidence for the existence of 
photopeaks at 27, 475, 720, 1100, (1310, and 1520 keV is cleariy seen. By following 
their decay, all the photopeaks were found to have the same half life of about 40 d. 
Vs*^« 
M ^ j 
Fig. !. The energy spectriim of gamma rays. 
While taking the singles spectrum, an aIum.irT?ium disc of 1 g/cm^ thickness was 
placed before the crystal to absorb betas and to reduce the external bremsstrahlung 
contribution to the gamma ray spectrmn. From the known resolution of the spectro-
meter it was found, that the photopeaks at 475, 720 and 1100 keV are made up of 
m_ore than one gamma ray, as confirmed in the coincidence study. Photopeaks at 
1320 and 1520 keV energy show the presence of two new gamma rays which were 
not observed in earlier studies. The broad peak at 180 keV is interpreted to be due 
to the back scattering from the 475 and 720 keV gamma rays. The small hump 
around 245 keV is due to the presence of a gamma ray of 245 keV energy which is 
definitely established in the coincidence experiments. The sm a^ll peak at 100 keV is 
probably due to the 106 keV isomeric transition. The photopeak at 27 keV is due to 
Iodine KX-rays and 27 keV gamma ray found in earlier studies ^). The low energy 
end of the spectrum taken with high amplification did not reveal any further details. 
After applying the usual corrections for absorbers between the source and the crystal 
and for the effective photo-efficiency of the crystal, a rough estimate of the uncon-
verted quantum intensities can be made from the data of fig. 1. The intensities so 
obtained are given in table 1. 
TABLE I 
Relative intensities of the unconverted gamma rays 
Gamma ray energy (keV) Relative intensity 
448 \ 
450 3i 
475 J 
625 ^ 
693 J 49 
720 ) 
' 0 " > ).00 
1100/ 
1320 0.55 
i520 0.16 
Gamma rays bracketed together were resolved in the coincidence experiments. 
4. Gamma-gamma Coincidence Experiments 
The coincidence spectra have been examined with a 20-channel scintillation coin-
cidence spectrometer using two identical 3.8 x 3.8j^NaI(Tl) cylindrical crystals coupled 
to Du Mont-6292 photomultipliers and DD2 type non-overloading amplifiers. Pulses 
from one of the counters are fed to a single-channel pulse-height analyser and to the 
coincidence circuit of resolving time of 0.15 /(sec. The coincidence output is used to 
gate the 20-channel analyser. The counters were placed at 130° to each other to reduce 
backscattering. Thick perspex discs were introduced in front of the counters for 
absorbing betas and conversion electrons. 
The spectrum of coincidence pulses observed with the gating channel set at 27 keV 
is shown in fig. 2. Along with the 27 keV gamma ray however, there will be some 
contribution from the iodine KX-rays arising out of the internal conversion of gamma 
rays. Since no conversion lines were observed in the jS-ray spectra ^) for these gamma 
rays, it is assumed that the contribution due to iodine KX-rays is negligible. In fig. 2 
clear coincidence peaks at 245, 450 and 700 keV are seen. The shift towards lower 
energies of the coincidence photopeaks from, the 475 and 720 keV photopeaks in the 
singles spectrum is of the order of 27 keV. Thus the 475 and 720 keV gamma ra3's 
could well be the cross-over transitions of the 450-27 keV and 693-27 keV cascades. 
This also confirms that the photopeaks at 475 and 720 keV in the singles spectrum 
Fig. 2. The energy spectrum of coincidence gamma rays with the gating channel fixed on the 27 KeV 
photopeak, coincidences around 240 keV region, b) Coincidences around 400 to 800 keV region, 
singles, coincidences. 
of fig. 1 are composed of more than one gamraa ray. To check whether the peaks at 
475 and 720 keV may be solely due to the summation of 450(vj) —27(v2) and 693 
(vj) — 27(v2) keV cascades, the coincidence peaks at 475 and 720 keV were calculated 
from; the formula ^) 
Pin) 
Pc.= 
1 - 8 T ( V 2 ) - Q / 
s^(v,)Qf+N, 
where Pc.s ^"d P(vi) are the areas under the coincidence photopeak and the photo-
peak in the fixed channel which is set on the v^-ray; Sp and e-j- are the photopeak and 
total emciencies;/is the fraction of the Vj-ray in coincidence with the Vj-ray; Q is the 
solid angle 0.032; and A'^  is the random summing of two pulses which is small and is 
neglected here. This correction was found to be small showing that the 475 and 720 
keV gamma rays mainly consist of the cross-over transitions of the above mentioned 
Fig. 3. The energy spectrum of the coincidence gamma rays with the gating channel fixed on the 
475 keV gamma ray. a) Gating channel covering the full 475 keV photopeak, b) Gating channel set 
on the high energy end of the 475 keV photopeak. singles, - • - coincidences. 
cascades. After taking into account the usual corrections, the relative intensities of 
the unconverted gamma rays of 245, 450 and 693 keV are 1.0,2.6 and 2.0, respectively. 
The coincidence spectrum with the gating channel covering the full 475 keV photo-
peak is shown in fig. 3(a). Coincidence peaks are observed at 245, 475, 625 and 720 
keV energy. The presence of a coincidence peak under the 475 keV photopeak indicates 
another gamma ray of comparable energy and in coincidence with the 475 keV gamma 
ray. The coincidence spectrum with the gating channel set only on the high energy 
end of the 475 keV photopeak is shown in fig. 3(b). This setting reduces the intensity 
of the 450 keV gamma ray being recorded in the gating channel. The coincidence 
peak under the 475 keV singles peak appears to be slightly shifted towards the lower 
energy end, the shift again being of the order of 27 keV. Moreover, the intensities of 
these two coincidence peaks at 475 and 720 keV are reduced relative to the intensity 
of the 625 keV coincidence peak. It is concluded from this measurement that a gamma 
ray of about 450 keV is in coincidence with the 475 and 720 keV gamma rays. The 
. I . 
Fig. 4. The coincidence spectrum with the gating channel set on the 720 keV photopeak. 
relative intensities of the 245, 450, 625 and 693 keV gamma rays estimated from fig. 
3(b) after applying the usual corrections are 1.00, 0.12, 0.25 and 0.16, respectively. 
The i:<refeentage contributions (x) of the 245, 450 and 625 keV gamma rays (here 
denoted v') to the intensity of the 475 keV gamma ray (denoted here v) are calculated 
from the formula ^) 
^ _ J00P(v0{l + «(v')} 
tEp{v')W{90)Qc{v)k ' 
where Q is the solid angle 0.032; ep(v') is the photopeak efficiency; c (v) is the ob-
served cotmting rate in the fixed channel after applying corrections for the Compton 
contribution of the high energy gamma rays; P(v') is the area under the photopeak 
of v'-ray observed in time t; and K is the correction factor for the external absorbers. 
The quantity a(v') is the conversion coefficient of v'-ray and is neglected here, since 
the conversion was found to be small ^); 1^(90) is the angular distribution of the two 
coincident gamma rays obtained from the angular correlation data. Thus the esti-
mated percent contributions from the 245, 450 and 625 keV gamma rays to the 
intensity of the 475 keV gamma ray are 12.4, 1.4 and 3.6, respectively. 
The coincidence spectrum with the gating channel set on the full 720 keV photo-
peak is shown in fig. 4. Coincidences were observed under 475 keV photopeak, 
thus confirming the presence of a gamma ray of energy a 450 keV in coincidence 
with the 720 keV gamma ray. 
5. Angular Correlation Experiment 
The coincidences between the 245-475 keV cascade were recorded for 30 minutes 
at each angle of the sequence 90°, 135° and 180° between the central axis of the 
detectors. The coincidences were normalized with respect to the singles counting 
Fig. 5. The angular correlation data between the 245 and 475 keV gamma rays. 
rate at the 180° position. The true-to-enhance ratio was very high. The chance rate 
was subtracted by the random coincidence method. The least-squares fit of the data 
was made to the equation W(0) = Y.k'^'kPk (cos 6). To obtain the corrected values 
of the Af, coefficients, the normalised values of the A'^ were corrected for the finite 
angular resolution by the method due to Rose *). The least-squares fit curve to the 
observed data is shown in fig. 5. The least-squares fit equation is 
WiO) = 1 - 0.52 Pj (cos 0) +0.24^2(cos 9). 
The observed anisotropy A is found to be 0.86 and is very high. Since the 450 keV 
gamma ray is found to be very weak in comparison to the 475 keV gamma ray, the 
observed angular correlation is thought to occur mainly between the gamma rays of 
the 245-475 keV cascade. The high value of the anisotropy indicates that both gamma 
rays are of mixed multipoles. Also the presence of the Ay coefficient indicates a spin I A 
assignment of ^ -| for the 475 keV level. 
6. The Decay Scheme 
A probable decay scheme which combines all the data presented is shown in fig. 6. 
This decay scheme differs from that of Graves and Mitchell ^) in K)llowing points: 
The 475 keV gamma ray which was shown to be in coincidence with the 27 keV 
129m 
T» Wld) 
hll 106 1 ( ^ _ 
^ ^ '^•106 (6SV.) \ • ^ 
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J 129 . * ^ \ 
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Fig. 6. The energy levels of P^". All energies are given in keV. 
gamma ray now appears to be the cross-over transition of the 448-27 keV cascade. 
Hence, the energy of the second excited level becomes 475 keV instead of 502 keV. 
Another gamma ray of 693 keV energy has been found to be in coincidence with the 
27 keV gamma ray and thus, the 720 keV gamma ray now becomes the crocs-over 
transition of this new cascade. Yet another cross-over transition of 1100 keV seems 
to occur. Evidence for this gamma ray comes from the measured half-width of the 
1100 keV photopeak which is found to be more than the expected half-width from the 
known resolution of the spectrometer. This cross-over transition takes place across 
the 27-1073 cascade. Graves and Mitchell^) have established this cascade in their 
coincidence studies, however, the energy quoted by them for one of the cascade 
gamma ray is 1120 instead of 1073 keV. 
From our coincidence studies we liave found a new gamma ray of energy 625 keV 
which is found to be in coincidence with the 475 keV gamma ray. This 625 keV transi-
tion takes place between 1100 and 475 keV energy levels. From the data of figs. 3 
and 4, evidence is found for a gamma ray of energy 450 keV in coincidence with the 
720 keV gamma ray. This cascade estabhshes a new level at energy 1170 keV, which 
was not found earher ') . Because of the small energy difference between the 1100 
and 1170 keV levels, the beta branching feeding these levels could not have been 
separated ^). The ten percent beta branching can feed both of these levels. 
The two new high energy gamma rays of energies 1320 and 1520 keV perhaps 
occur in 41 d Te'^'™ through beta decay. The 1520 keV level is evidently not fed by 
the beta decay of 72 min Te'^ ' , because Op- between the ground levels of Te '^ ' 
and 1'^^ is smaller than the gamma ray energy under consideration. The observed 
low intensities of the 1320 and 1520 keV gamma rays can be explained if the 32 
percent beta branching *) from Te '^ ' " feeds both levels at 1320 and 1520 keV also. 
The ground state spin of 1' ^ ' has been measured '') to be ^. Life time measurements 
of the 27 keV level '°) indicate that it is of the order of 15 /*see: If the 27 keV level 
is assumed to be a single-particle level then, the measured half-life of this level makes 
it possible for the 27 keV gamma ray to be a mixture of Ml and E2, but predomi-
Hantly Ml. Tiius the 27 keV level could have a spin off. 
In the calculations of Banerjee and Gupta ' ) two levels at 466 and 471 keV with 
spins I and -|, respectively, are shown to occur. Our measured level at 475 keV could 
be one of these theoretical levels. Around our measured level at 720 keV, three levels 
at 713, 746 and 750 keV with spins of-V-, -Y- and -y-, respectively, are predicted ' ) . 
The observed 720 keV level could not have such a high spin because the beta branching 
from a dj ground state of Te'^'' would then be highly forbidden ^). This is one 
source of disagreement with the calculations of Banerjee and Gupta ^). Spins for 
higher states are not calculated ' ) and thus comparison with the experiment could 
not be made. 
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India, for providing the Scientific Pool Officership tenable at the Physics Department 
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Abstract; The gamma rays in the decay of C e ' " (33 h) have been studied with the help of a scintillation 
coincidence spectrometer. The relative branchings of the various gamma rays have been esti-
mated. By studying the y-y coincidences the K-internal conversion coefficients of the 56 keV, 
230 keV and 293 keV transitions were determined to be 6.4 + 0.6, 0.07+g:8;i and 0.12±0.02, 
respectively. The angular correlation measurements have been performed for the 293-56 keV 
cascade. From these measurements, the spins of the ground, first and the second excited states in 
PJ.143 have been assigned to be |+ , |-+ and |+, respectively. The 56 keV gamma ray was found 
to be a mixture of 99±1 % Ml and I T l % E2 and the 293 keV gamma ray a mixture of 9 7 ± 1 % 
Ml and 3^=1 % E2. 
1. Introduction 
The decay of Ce"*^(33 h) has bsen studied by various authors*"^). Recently 
Martin et al. *) have reported the existence of ten gamma rays and they have also 
suggested a tentative level scheme of Pr^ ''^ ,^ with some doubts about the assignment 
of spins and parities to the various excited states. The present study was undertaken 
in order to obtain more information about the levels from the angular correlation 
data and interval conversion coefficient measurements. 
2. Gamma Ray Intensity Measurements 
Ce''^-' was prepared by the thermal neutron irradiation of spectrographically 
standardised 99.9% pure cerium oxide in the swimming pool reactor, Trombay. 
Fig. 1 shows th^ pulse-height distribution of gamma rays detected by a Nal(Tl) 
crystal (3.8 cm x 3.8 cm) coupled to a Du Mont-6292 photomultipliei. From the 
graph, evidence is seen for the existence of gamma rays of energies 56, J40, 230, 293, 
341, 425, 488, 665, 718, 870 and 1087 keV. By following its decay, the^peak at 140 
keV was attributed to th^ d;cay of Ce^*^ (33 d). The peak at 425 keV was interpreted 
to be due to the Compton edge of 665 keV and 718 keV gamma rays by studying its 
relative attenuation with several absorbers of varying thickness before the counter, 
and also by studying the intensities of the singles spectrum at different source to the 
crystal distances. All the peaks are separated from the Compton backgroimd as shown 
in fig. 1 and their relative intensities are calculated by taking their corresponding 
effective photo p.;ak efficiencies. The values of the intensities thus obtained were 
corrected for the following factors: 1) the relative absorption in the Al and AI2O3 
001 
housing around the crystal and in the 0.6 cm thick perspex disc introduced in front 
of the crystal for absorbing beta rays and internal conversion electrons, 2) the 
relative escape pealc intensities for the medium geometry case, 3) the total internal 
16 2i, ^o i,& 56 6^ 72 
BfR5£ LINE f^ 
Fig. 1. Pulse-height distribution of gamma rays from the decay of Ce^''°(33 h). 
TABLE 1 
Unconverted gamma ray intensities and relative intensities of some gamma ray transitions 
Gamma-ray 
energy 
(keV) 
56 
230 
293 
341 
488 
565 
665 
718 
870 
1087 
Unconverted gamma 
ray intensities 
0.22 
0.067 
1.000 
0.069 
0.062 
(very weak) 
0.14 
0.17 
0.018 
0.013 
Intensities of the 
gamma ray 
transitions 
1.80 
0.069 
1.000 
0.065 
0.058 
(very weak) 
0.13 
0.16 
0.017 
0.013 
conversion coefficients ^) obtained with the help of the present data of K-internal 
conversion coefficients, 4) the source decay during observation. The scperation of 
the 56 keV pzak from the Compton background may introduce an error of ± 2 0 % 
at most in the case of the 56 keV gamma ray intensity. The relative unconverted 
gamma ray intensities together with the values of the relative intensities of the various 
gamma ray transitions after applying the above mentioned corrections are given in 
table 1. 
3. The aK Measurements 
The y-y coincidences were recorded with the hdp of two identical (3.8 cm, x 3.8 cm 
Nal(Tl) crystal) scintillation spectrometers in coincidence (resolving time 0.15 p:,cc). 
Various y-y coincidence measurements have confirmed the dfcay scl\eme propo^td 
by Martin et al. ^) reproduced in fig. 2. The 56 keV gamma ray was found to be in 
coincidence with 35 keV X-rays and gamma rays of 293, 665, 870 and 1087 keV. 
The y-y coincidences gave evidence also for the existence of a very weak 565 k.V 
cJ''^ (55 h) 
S3 85 
Zi J= O.i yes or 
500 
Fig. 2. Decay scheme of Ce"^(33 h) proposed by Martin et al. ") and confirmed by the present 
y-y coincidence measurements. (All energies are given in keV). 
gamina ray. For the determination of the K-conversion coefficient of the 56 keV 
gamma ray t te coincidences were recorded between 293 keV in the fixed channel 
and the X-ray p^ak and th? 56 keV psak in the variable channel which are shown in 
fig. 3. The number of coincidence counts between the X-rays and the Corapton 
scattered gamma rays of 488 and 341 keV detected along with the 293 keV gamma 
ray is negligible since both gamma rays are very weak, and neither of thom are highly 
converted. The counters were placed at 60° with respect to each other and « 0.6 cm 
us keV JC-Ray 
-Bf>5£ 
Fig. 3. Gamma-gamma coincidence spectrum with the fixed channel at the 293 keV photo peak and 
the sliding channel moved around the X-ray peak and the 56 keV photopeak. 
thick pei/p^x disd were introduced in front of the counters to absorb betas and con-. 
version electrons, and a lead sheet (10 gm/cm ) was placed between the counters to 
reduce the spurious coincidences due to scattering and to prevent the detection of 
escape X-rays in the variable channel after escaping from the counter in the fixed 
channel. A comparison of tlie areas under the 35 keV X-ray peak and 56 keV photo 
p;ak in the coincidence tp.ctrum directly gives the K-conversion coefficient after 
taking the following factors into account; 1) the relative absorption due to the Al 
and AijOj housing around the crystal and the external poc^ex disc, 2) the fluores-
cence yield ^) of Pr(0.898) in the K-shell and 3) the escape peak corrections. The 
detection efficiency is 100% for both X-rays and y-rays. The escape peak intensity 
was calculated from the formula of P. Axel ^) taking the geometry of our experimental 
set up into consideration. The final value of a^ obtained is 6.4 + 0.6 which is consistent 
with the assignments of either Ml(aK = 5.7) or E2 (% = 6.0) or a mixture of them, 
from the calculations of Rose ^ °). 
For obtaining the K-conversion coefficient of the 293 keV y-ray, the coincidences 
were recorded as shown in fig. 4 with the fixed channel kept at the peak of 56 keV 
so that practically there will not be any contribution from X-rays. Thick perspex 
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Fig. 4. Gamma-gamma coincidence spectrum with the fixed channel at 56 IceV peak and the sliding 
channel around the X-ray peak and the 293 keV photopeak. 
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discs 0.6 cm in thickness were put in front of both the counters for absorbing betas. 
Besides the corrections mentioned in the previous case the variation in effective 
photo p;ak efficiency of the crystal for the gamma rays under consideration is also 
taken into account. The X-ray and 665, 870 and 1080 keV Compton coincidences 
may introduce a maximum error of -1-5% in the value of a^. The final value of KK 
obtained is 0.07^o.'oi2 which shows that the 293 keV gamma ray is predominantly 
Ml in character with a small admixture of E2. 
In a similar way, the coincidence spectrum was obtained by keeping the 488 keV 
gamma ray in the fixed channel and the sliding channel around the X-ray peak and 
230 keV photo psak as shown in fig. 5. Along with 488 keV, however, there will be 
som.e counts due to Compton scattering of 665, 870 and 1080 keV gamma rays which 
in turn are in coincidence with the highly converted 56 keV gamma ray as well as 
with its X-rays arising from its conversion. Knowing the coincidences with the 
56 keV y-ray and the a^ of the 56 keV y-ray, the above contribution is determined 
and subtracted. The value of KK thus obtained for the 230 keV gamma ray after 
applying the various corrections previously mentoned is 0.12 + 0.02 which is compa-
tible with an assignment of Ml(aK = 0.1) or E2 (a^ = 0.1) or an M1-E2 mixture 
from the calculations of Sliv and Band ''). 
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Fig. 5. Gamma-gamma coincidence spectrum with 488 keV in the fixed channel and the sliding channel 
moved around the X-ray peak and the 230 keV photopeak. 
4. Angular Correlation Measurements 
The source which was in the form of cerous chloridejdilute hydrochloric acid is 
further diluted and taken in the source holder which was a thin pe^ex rod with a 
hole of 0.2 cm diameter and about 0.4 era in length and allowed to dry under a 
hsating lamp. This process was repeated many times and the exp:riment was perform-
ed when the source was in a semi-liquid form. The source was mounted 7 cm from the 
central axes of the two crystals. The coincidences between 293 and 56 keV gamma 
6 
rays were recorded for 5 minutes at each angle in the sequence 90°, 135° and 180° 
between the central axes of the detectors. The true-to-chance ratio was very high. 
The chance coincidences were subtracted by repeatedly testing the coincidence circuit 
by the random coincidence method. The least-squares fit of the data was made to the 
equation W(9) = Y^t^'tPk (cos 9). To obtain the corrected values of the A^^ coeffi-
cients, the normalized values of Al were corrected for the finite angular resolution of 
the counters by analytically computing the ratio {JilJ^Y by the method due to 
Rose ^*). The correlation was probably not attenuated due to extranuclear fields, 
since the experiment was performed when the source was in the form of solution in 
wie) 
90° 135° 0 180° 
Fig. 6. Angular correlation function of the 293 keV-56 keV cascade in the decay of Ce^^'. 
an acid medium. In the least-squares fit of the curve shown in fig. 6, the root mean 
square errors are shown. The least squares fit of the data gave 
W{B) = l+O.132±O.O19P2(cos0) + O,OO8±O.O2P4(cos0). 
5. Discussion and Results 
From the single particle model the ground state of eoNdg*^ should be either hi 
or fj. The fact that ^ was observed both from paramagnetic resonance methods *^) 
and also from atomic sp3ctroscopy ^^) allows us to accept fj for the ground state 
of Nd''^^. From the shape and log/if valug of the observed beta spectra from Pr**^ 
to Nd^*^ 1^ may be assigned for the ground state of Pr '^^ ^ which is quite consistent 
with the shell model predictions of g.i or dj. Again from the shell model the ground 
state of Ce^*^ should be h or hj. The possibihty of fj is not hkely since no beta 
branching was observed from Ce '^^ -' to the ground state of Pr'*^. On the other hand 
h? could be accepted because of the non-observance of the beta branching which 
will be Al = 3, forbidden in this case. 
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Fig. 7. Analysis of the angular correlation data by the graphical method of Arns and Wiedenbeck " ) . 
Both MI or E2 assignments are quite consistent with the observed % = 6.4 + 0.6 
for the 56 keV gamma ray. But Martin et al. *) have assigned a predominantly Ml 
character because of the predominance of the L, subshell line, and the lack of an 
observable L„ conversion line. The first excited state in Pr should therefore be either 
1"^  or ^^. Spin f ^ is consistent with the observed '') shap: of the b^ta spectrum from 
Ce'*^ to the 56 keV level of Pr'*^. The possibility 4"^  is less hkely considering our 
assignment of the Ce^*' ground state. 
The predominantly Ml character of 293 keV transition allows us to assign f "^  
or ^'^ to the second excited state of Pr'*^. The K/L ratio (6.1+0.6) meamrcd by 
Martin et al. *") also supports this contention, if their value is interpreted with the 
calculations of Sliv and Band ''). Under these conditions only the following alternative 
spins and multipolarities are acceptable for the second, first, and ground states in 
pj.143. 
The angular correlation data were analysed by the graphical method due to Arns 
and Wiedenbeck *'*), as shown in fig. 7. 
Accepting the 56 keV 7-ray to be a pure Ml transition we have three choices for 
the spin sequence 
„x 7 + 26 % M l + 74 % E2 7 + Ml pure s + 
a) -2 > y -> '2 J 
1,\ f> + 97 % Ml + 3 % E2 7 + Ml pure 5 + 
O) -J 5- ~2 > '2 ? 
„ \ 1 1 + 25 % M3; 75 % E2 7 + Ml pure 5 + C) -^' > -2 )- 2 • 
The possibility (c) may be ruled out because it will give a K-conversion coefficient ^ °) 
% = 0.570, which is incompatible with the measured value of a^ . = 0.07;I;o;oi2 
for the 293 keV gamma ray. The choice (a) also seems to contradict the K/L measure-
ments of Martin et al. and the present a^ measurements for the 293 keV gamma 
ray leaving us choice (b). Even if a small percentage (up to 5 %) of E2 is accepted 
for the 56 keV transition the above arguments still hold good leaving us with only 
one possible sequence f "^  -> 1^ ^ 1^-
It is a pleasure to express our sincere gratitude to Professor P. S. Gill for his 
kind interest throughout the course of the work. 
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